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Summary 
Micro Air Vehicles (MAVs) are typically of low mass and moment of inertia and have flight speeds 
comparable to birds and larger insects. Such craft traverse the lower levels of the Atmospheric 
Boundary Layer (ABL); a significantly different environment than that experienced by larger manned 
aircraft, which spend the majority of their time in relatively clean air and fly at speeds considerably 
higher than typical wind speeds in the ABL. A typical mission profile for an MAV is to take off from an 
open terrain, fly into increasingly complex terrain (i.e. a city centre) and from there provide a 
platform for sensors, such as miniaturised video cameras, to record and transmit information on the 
surroundings where line of sight from the ground or overhead is not possible. This task is made 
extremely challenging by the high levels of turbulence sometimes found in these locations (as a 
result of the complex terrain and atmospheric wind) and affects the ability of the MAV to maintain 
straight and level flight – an important criteria for a sensory platform. 
The winds and associated turbulence in the ABL has been a subject of research for over an hundred 
years, however the focus of research has been on the larger scales of turbulence. For MAVs the 
small scales of turbulence (of the order of a wing span or chord; typically 150 mm) are the most 
problematic and there is little information available on atmospheric turbulence at these scales. 
Information on the cross-stream structure of turbulence at these scales is lacking, particularly in 
complex/ city terrain.  
From the small amount of available data that does cover the scales of turbulence applicable to MAVs 
it can be seen that the spectra of the velocity fluctuations display a -5/3 decay with frequency. This 
decay rate is of interest as it is one feature of the inertial sub-range of turbulence. Whilst this range 
has been studied in some detail in laboratory conditions via grid-generated turbulence, and the 
statistics of such turbulence can be predicted theoretically, these properties are generally only found 
in homogenous isotropic turbulence which is rare outside of laboratories. 
As noted, detailed information on the small scales of turbulence present in the lower ABL is lacking 
and this research aims to fill that gap. This was done by measuring the fluctuating velocity of the 
atmospheric winds in both the stream-wise and cross-stream directions with very fine temporal and 
spatial resolution. Four Cobra probes (dynamically calibrated multi-port pressure probes) were used 
to measure the wind by spanning them across the oncoming wind with an inter-probe spacing of 
between 15 and 450 mm which is typical of the spans of MAVs (and smaller birds and insects). 
Measurements were recorded in 4 locations; 2 open terrains locations well away local structures, 1 
urban location with little local effects present and 1 urban location with significant local effects 
present in the oncoming flow. 
   
 
From these measurements the velocity spectra and the 2nd order velocity structure functions for the 
3 orthogonal components were obtained. Spectral plots are the standard method of presenting the 
distribution of turbulence energy over a range of scales, however with the limited number of cross-
stream measurement points only the stream-wise spectra could be calculated. The calculation of the 
structure functions was possible in both the stream-wise and the cross-stream directions, hence 
their use here. Both the spectra and structure functions are compared to the theoretical values for 
inertial sub-range turbulence which is known to be “locally isotropic”. 
The results show mixed agreement with the inertial sub-range turbulence equations and relations. 
All spectra show excellent agreement to the Kolmogorov -5/3 spectrum and the structure functions 
exhibit growth rates to the theoretical power of 2/3 for all locations, except for that of the urban 
location with local effects. The relations between the u, v and w components had poorer agreement 
with those predicted theoretically for the inertial sub-range. In general the ratio between the v and u 
component fluctuations were relatively close to the 4/3 ratio predicted however the ratio between 
the w and u components varied between locations, this may have been result of the presence of the 
ground influencing the results is some locations. Lastly when the cross-stream and the stream-wise 
measurements are considered together the u component results show excellent agreement with the 
predictions; however the lateral and vertical results do not appear to follow the same theoretically 
predicted relationship.  
The measurements presented should be a valuable guide to those in the design and testing of MAVs 
by providing statistics of the turbulence that should be recreated, in either a wind tunnel or in the 
digital domain, so as to realistically test these aircraft. The results are presented in a non-
dimensional form such that the structure functions and spectra of the flow can be calculated for a 
given wind velocity and turbulence intensity. The results have also been analysed to investigate the 
relative effect each component has on the lift and hence the roll of an aerofoil via strip theory. The 
conclusion from this is that the vertical fluctuations are more critical and hence should be the 
primary concern of those attempting to recreate or simulate the turbulence for the testing of MAVs 
since roll is a major concern for fixed wing MAVs. 
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1 Introduction and Motivation 
Very small Unmanned Aerial Vehicles (UAVs) have the potential to conduct a range of missions in 
both military and civil environments. Two programs initiated by the Defence Advanced Research 
Projects Agency (DARPA) (USA) have driven a large increase in research in the area over the last one 
and a half decades (1995 to 2010). The Micro Air Vehicle (MAV1) program, started in 1995 and the 
Nano Air Vehicle (NAV) program in 2000. Both these programs have sought to capitalise on the rapid 
evolution of Micro Electro-Mechanical Systems (MEMS) which enable such aircraft to be created. 
Other maturing micro systems such as miniature CCD array cameras, infrared sensors and hazardous 
substance detectors are able to be carried as a payload by the craft.  
“MAVs should be thought of as aerial robots, as six-degree-of-freedom machines 
whose mobility can deploy a useful micro payload to a remote or otherwise hazardous 
location where it may perform any of a variety of missions, including reconnaissance and 
surveillance, targeting, tagging and bio-chemical sensing.” 
(McMichael & Francis 1997) 
 The MAV program started with the goals of an aircraft of 6 inch (150 mm) maximum dimension with 
a mass of less than 90 g and able to carry an 18 g payload. The aircraft and associated system were 
also to be compact and transportable by a single operator and require only basic training to operate 
(McMichael & Francis 1997; Mueller 2002, 2007). A range of 10 km, operating speed of up to 10 to 
20 m/s and an endurance of 20 to 60 minutes were specified. These aircraft operate under low 
Reynolds number conditions (50,000 – 200,000), and over this range the fluid flow over the wing is 
prone to separate, resulting in an increase in drag and loss of efficiency (Lissaman 1984; Petricca, 
Ohlckers & Grinde 2011; Viieru 2006). Figures 1-1 and 1-2 give an indication of the size, mass and 
operating Reynolds number of typical MAVs.  
 The NAV program began in 2000 with the specifications for a aircraft of approximately 10 grams or 
less and of wingspan 7.5 cm or less (DARPA-DSO 2000). Flight speeds of up to 10 m/s and the ability 
to hover for extended periods and in gusts of up to 2.5 m/s were also requirements (Hylton 2009). 
The NAV is envisaged as an aircraft to be used in urban environments and in certain cases to be able 
to traverse from the outdoors through a building opening into the indoors. Both of these programs 
have now completed and neither of the programs met the goals in terms of aircraft sizing and 
endurance set at the start of the programs. 
                                                          
1
 Some texts use the abbreviation µAV. 
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 At the time of writing the definitions for MAVs and NAVs are somewhat ambiguous with different 
references using slightly different definitions and manufacturers taking certain liberties in applying 
the MAV/NAV label. Therefore the definitions for these groups used throughout the rest of this 
document are presented in the following section and a summary of the definitions is given in Table 
1-1 and are based on the original goals of each program. 
 
  
 
Figure 1-1 – The Black Widow MAV (left) and the WASP MAV (right) from Aerovironment (Mueller 2009). 
Note that the WASP does not meet the original size specifications for an MAV but is still called an MAV by the 
manufacturer.  
 
Figure 1-2 – The Aerovironment Nano Hummingbird, a flapping wing NAV. 
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Table 1-1 – MAV and NAV specifications (Hylton 2009; McMichael & Francis 1997; Mueller 2002, 2007). 
MAV (Micro Air Vehicle)  NAV (Nano Air Vehicle) 
150 mm Maximum Dimension 75 mm 
90 g Mass 10 g 
18 g Payload 2 g 
20 – 60 mins Endurance Not specified 
10 – 20 m/s Speed Up to 10 m/s 
10 km Range 1 km 
 
 
Figure 1-3 – Wingspan vs. mass comparison of MAVs to 
other aircraft (Mueller 2009) 
 
Figure 1-4 – Mass vs. Reynolds number comparison of 
MAVs to other aircraft (Mueller 2009). 
(MAVS shown in white markers, other small UAVS shown with black markers) 
These aircraft are to be used at altitudes of less than 100 m (Mueller 2007) and therefore fly in the 
Atmospheric Boundary Layer (ABL) and are subject to the turbulence found at low altitudes. A 
typical MAV mission is shown in Figure 1-5. It depicts an MAV being flown from an open terrain into 
a city type terrain to obtain data. In the image the MAV is shown flying above the buildings however 
it is likely that aircraft will also be flown at lower heights, below the heights of the surrounding 
buildings and as mentioned earlier, inside buildings. 
Several references have noted the susceptibility of MAVs to gusts (Galinski 2006; Galinski & 
Zbikowski 2007; Lissaman 2009; Shyy et al. 2010) and the need for further work in the area if these 
small aircraft are to be of used for the roles originally intended. The most commonly cited use for 
MAVs is as a means to gather video images of locations. Excellent control of the aircraft about all 
rotational axes is required to perform this task, but in particular about the roll axis which has been 
found to be most critical (Abdulrahim et al. 2009; Watkins et al. 2009). An understanding of the 
turbulence likely to be encountered by these small aircraft is necessary to further the development 
of these aircraft. 
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Figure 1-5 – Depiction of typical MAV mission (Davis et al. 1996). 
In this thesis the atmospheric winds that will affect MAV scale flight are explored with the goal of 
defining the levels of turbulence that MAVs should expect to fly in and for which they should be 
tested in. A detailed examination of the existing literature relating to the atmospheric winds is 
reviewed in chapter 2. This is followed with a clearly defined set of research objectives and 
questions in chapter 3. The equipment and research methodology used in obtaining the data is 
presented in chapter 4 and is followed by the presentation and discussion of results in Chapter 5. 
The results chapter is broken into 4 sections; chapter 5.1 covers the fluctuations in the wind that will 
have a quasi-steady effect on an MAV sized aircraft. Section 5.2 provides statistics on the 
fluctuations in the stream-wise and the cross-stream directions that will have a dynamic effect on an 
MAV sized aircraft. Section 6 provides some insight into relative importance of the various velocity 
components in causing an aircraft to roll due to turbulence. Finally, a summary of findings and 
concluding remarks are presented in chapter 7. 
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2 The Atmospheric Wind Environment at Low Altitudes 
2.1 Introduction 
For the vast majority of tests performed on aircraft, the natural wind is considered steady and 
invariant across the span of the craft. While this is a reasonable assumption for altitudes above the 
ABL the characteristics of the natural wind within the ABL do vary laterally, longitudinally and 
vertically in a continuous and chaotic manner.  
Research into atmospheric conditions at low altitudes by the aerospace sector is sparse as the 
majority of an aircraft’s flying time is spent above these altitudes. There has however been a large 
volume of research conducted by the wind engineering, ground vehicle aerodynamics and 
meteorological communities that can provide some insight as to the flight conditions that should be 
expected for a small aircraft flying at low altitudes. The ESDU aerodynamics section 1c; Wind speeds 
and atmospheric turbulence (ESDU 1976, 1991, 1993a, 1993b, 1993c) summarises knowledge in this 
area up to the mid 1990s. 
2.2  Mean Wind Environment 
2.2.1 Theory 
The mean wind speed   in direction of the wind is defined by the following equation, 
   
 
 
        
 
 
 
[2-1] 
where T is the sample time for the period of interest. Due to the continually fluctuating wind speed 
it is necessary to define a sample time T that provides reasonably stable mean wind speeds. A 
spectral plot of the wind speed (Figure 2-1) shows a “spectral gap2” between the periods of 10 
minutes to 2 hours which divides the macro-meteorological range (generated by weather systems) 
from the micro-meteorological range (mainly generated by the friction with the ground). 
Traditionally in wind engineering it is accepted that a sample time which falls in the spectral gap will 
give reasonably stable and convenient averaged of mean wind speed (Watkins 1990).  
                                                          
2
 The spectral gap has been a topic of recent discussion and is not universally accepted, see Baker (2010) and 
Harris (2010) 
   
 
20 
 
Figure 2-1 – Spectrum of wind (van der Hoven 1957). 
 
Figure 2-2 – Distribution of mean wind speeds averaged from 42 years of 9am and 3 pm mean wind records at Laverton 
Victoria, Australia. Adapted from Watkins et al. (2010). 
 
The mean wind speeds from Laverton in Victoria, Australia recorded over a 42 year period are 
presented in Figure 2-2 with the frequency of occurrence plotted against wind speeds ranging from 
0m/s to 25m/s. (This location is a coastal location and as such the velocities seen here are most likely 
higher than would be seen for an inland location.) A Weibull fit for the data has also been calculated 
and plotted on the same axis and from this the most common and average wind speeds can be easily 
calculated, the values for this particular site are shown on the graph.  
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Weibull probability density functions are often used in wind engineering for wind speeds as they 
generally provide an excellent fit, particularly at higher wind speeds which are of most interest for 
wind energy applications. For low wind speeds there are some concerns and in particular the 
existence of a non-zero number of calm periods (zero mean wind speeds) which are not considered 
in the standard Weibull distribution. A number of researchers have considered this problem and 
have developed modified Weibull distributions to account for this (Deaves & Lines 1997; Takle & 
Brown 1978).  The accuracy of the fit about the most common and average wind speeds is of most 
concern for the topic of winds relevant to MAVs and for these velocities the Weibull distribution is 
regarded as adequate (Cook 1984) (while the magnitudes of the probability at velocities below 12 
m/s are not in perfect agreement, the values of the predicted most common wind speed and 
average wind speed are unaffected), so no discussion is given of the modified fits available. 
The mean wind speed will fluctuate according to the macro-meteorological events, elevation and 
also the physical location and surroundings of the point of interest. Figure 2-3 illustrates the 
variation with elevation by plotting the mean wind speed versus altitude for 3 different terrains. 
Davenport (1960) studied an accumulation of data from various terrains and the velocity gradient of 
the wind for high wind speeds, the result was a table with prescribed surface roughness values (zO) 
for terrains ranging from open water to city centres. The work was revisited and further refined by 
Davenport (2000).  
 
Figure 2-3 – Decrease in wind speed as influenced by varieties of terrain roughness, (Etkin 1972). 
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Figure 2-4 – Variation of mean wind speed with height for various terrains. Adapted from Etkin (1972). 
It is useful to consider a likely mission profile for an MAV using the categories defined in   
Table 2-1. Take- off is likely to be from an open area; then the aircraft flies into increasingly complex 
terrain and conducts a surveillance type mission before returning to the take-off point. To describe 
this in terms of the categories outlined below, the aircraft takes off in category 3 or 4, traverses 
categories 5 and 6 to provide surveillance in categories 7 and 8.  
Table 2-1 – Classification of effective terrain roughness(Davenport, AG et al. 2000) 
# Category Surface roughness 
length, z0 
Landscape Description 
(H: obstacle height, x: obstacle separation) 
1 Sea 0.0002m Open water, featureless flat plain, fetch > 3km 
2 Smooth 0.005m Obstacle-free land with negligible vegetation, marsh, ridge free 
ice 
3 Open 0.03m Flat open grass, tundra, airport runway, isolated obstacles 
separated by >50H 
4 Roughly 
Open 
0.1m Low crops or plant cover, occasional obstacles separated by 
>20H 
5 Rough 0.25m Crops of varying height, scattered obstacles separated by x≈12-
15H if porous (shelterbelts) and x≈8-12H if solid (buildings)  
6 Very 
Rough 
0.5m Intensively cultivated landscape with large farms, orchards, 
bush land, x≈8H; low well-spaced buildings and no high trees, 
x≈3-7H 
7 Skimming 1.0m Full similar height obstacle cover, x≈H, e.g. mature forests, 
densely Built town area 
8 “Chaotic” >2.0m Irregular distribution of very large elements: high rise city 
centre, big irregular forest with large clearings 
0 1 2
0
10
20
30
40
50
0 1 2 0 1 2
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2.2.2 Effect of Mean Wind Speed on MAV Flight 
An MAV will, for the overwhelming majority of flights, be subjected to a mean wind speed of greater 
than zero. From the Weibull distribution plotted in Figure 2-2 wind speeds up to and including 10m/s 
occur (and can be predicted to occur) 85% of the time. It is worth noting that the measurements in 
Figure 2-2 were taken at a coastal location and as such the velocities are likely to be higher than 
those for a more inland location. 
2.3 Fluctuations in the Wind Environment 
The wind speed at a location fixed with respect to the ground can be defined by the following 
equation; 
                            
[2-2] 
Where   is the mean wind speed as defined previously and      ,       and      are the 3 
orthogonal components of the fluctuations about the mean wind speed. Figure 2-5 indicates the 
axes system and sign convention. 
 
Figure 2-5 – Wind velocity axes system. 
In the natural wind these fluctuations appear random, and as such, various statistical measures are 
used to define and characterise them. These parameters are discussed in the following subsections. 
2.3.1 Turbulence Intensity 
Turbulence intensity is a measure of the degree of turbulence in a flow. The usual method of 
calculation is to calculate the standard deviation of the fluctuating component and non-
dimensionalise it by dividing through by the mean wind speed, 
    
  
  
  where                    
[2-3] 
   
 
24 
Where   can be either  ,   or . 
 or 
 
 
     
    
  
  where                                                         
 
[2-4] 
The turbulence intensity of atmospheric wind does not remain constant with changing wind speed. 
Figure 1b from ESDU Data Sheet 85020 (1993a) plots the relationship between turbulence intensity 
and wind speed over the range of 10m/s and 40m/s for equilibrium conditions for different heights. 
For heights of below ≈40m there is a slight negative correlation such that the turbulence intensity 
will decrease with increasing wind speed. For heights above ≈50m the correlation is positive. For 
heights of ≈40m to 50m the turbulence intensity remains relatively constant with varying wind 
speed. 
 
Figure 2-6 – Turbulence intensity vs. 5-minute wind speed (Anonymous 2003). 
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Figure 2-7 – Turbulence intensity as influenced by a variety of terrain roughness. Adapted from ESDU (1993a). 
As with the mean wind speed, the turbulence intensity of a particular location is dependent on both 
the fetch (the upstream terrain) and height above ground. Figure 2-7 illustrates this. As the surface 
roughness increases the amount of mechanical mixing increases, hence the turbulence intensity will 
also increase. So while the mean wind speeds in a city centre may be reduced, the size of the 
fluctuations relative to the mean wind speed is significantly increased when compared to an open 
terrain. The range of turbulence intensities that are likely to be encountered in the flight of an MAV 
such as that envisaged at the end of Section 2.2.1 is large. Low turbulence intensities will be 
encountered as the MAV traverses the more open terrain, and in particular if this is done at altitudes 
above 100 m. In a city terrain close to the ground the turbulence intensity may be 50% and possibly 
greater. Figure 1 of the ESDU 85020 Data sheets (ESDU 1993a) gives a better estimate of the 
turbulence intensity (for equilibrium conditions) for a range of heights and terrain categories.  
Figure 2-6 shows the wide variation of turbulence intensity measured at a relatively open terrain 
location. The data is from the Reece field site in Texas (USA), one of the Texas Tech University Wind 
Science and Engineering Research Centre test sites. Measurements are from a period of 3 years 
recorded at a height of 10m. Above 5 m/s the turbulence intensity shows little correlation with 
velocity and there is a visible reduction in scatter in the turbulence intensity direction with 
increasing velocity. Below 5m/s it is difficult to judge the correlation from simply studying the graph. 
ESDU (1993a) gives some consideration to the relationship between turbulence intensity and mean 
wind velocity in Figure 1b (not presented here). The figure gives correction curves to estimate the 
turbulence intensity compared to that measured with a mean wind speed of 20 m/s for the heights 
of 10 m, 50 m, 100 m and 200 m above the ground. The correction and hence the correlation 
0 0 0 25 25 25 50 
Turbulence Intensity (%) 
50 50 
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between the mean velocity and the turbulence intensity are positive for heights of 50 m and above 
and negative for the height of 10 m (positive correlation refers to an increasing turbulence intensity 
with increasing mean velocity). 
The very high turbulence intensities presented in Figure 2-6 are a result of the calculation procedure 
which at very low velocities can result in very high turbulence intensities from moderate 
fluctuations. For example at 1 m/s mean wind speed a turbulence intensity of 1 (100%) requires 
fluctuations with a standard deviation of 1. Increasing the mean wind speed to 5 m/s and keeping 
the same level of fluctuation decreases the turbulence intensity to 0.2 (20%). It is also highly likely 
that the measurements at very low velocities are affected by the stability of the atmosphere which is 
discussed later in Section 2.3.5. 
2.3.1.1 Relative Turbulence Intensity 
For moving vehicles a relative turbulence intensity value can be calculated to take into account the 
added velocity component from the motion of the vehicle by substituting   with   , where    is the 
velocity of the vehicle relative to the air. 
     
  
  
 where                    
[2-5] 
Where   can be either  ,   or . 
The relative turbulence intensity can therefore range from approaching zero, for an infinitely high 
vehicle speed relative to the wind, up to infinity for a vehicle speed equal to and in the same 
direction to the mean wind velocity since the mean vehicle speed relative to the air would be zero. 
Figure 2-8 plots the relationships between relative turbulence intensity and flight speed, infinite 
relative turbulence intensities would be reached if the x axis were plotted to negative flight speeds 
(flight speeds in the opposite direction of the mean wind speed). 
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Figure 2-8 – Relative longitudinal turbulence intensity for flight through a city terrain (Iu = 30%). VW refers to the mean 
wind velocity (Watkins et al. 2010) 
 
2.3.2 The Time and Frequency Domains 
The turbulence intensity gives an indication on the total of the turbulent energy in a flow at one 
point. It does not give any information on how that energy is distributed in the time or frequency 
domains. Information relating to the frequency domain is usually displayed in an energy spectrum 
and via integral time and length scales. 
2.3.2.1 Spectra  
The energy spectrum of the fluctuating wind velocity components is a plot of the energy in the wind 
against the frequency (or as will be discussed in the next section, the wave number). An example of 
a turbulence spectrum is given in Figure 2-9 although it should be noted that the low frequency end 
of the spectrum can vary depending on a number of factors such as the use trend removal 
techniques on large scale fluctuations. It is also common to have a spectra with a constant zero 
gradient before the onset of the -5/3 decay as opposed to the positive gradient shown here. 
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Figure 2-9 – Model spectrum of turbulence (Pope 2001). 
For practical applications, the range of frequencies for which the data can be evaluated is limited at 
the lower end by the length of the time duration of the data record and at the upper end by the 
frequency response and sampling frequency of the measuring system. As the spectral densities from 
a single record can exhibit considerable irregularities, it is customary to take the average of several 
individual spectra obtained in nominally similar conditions (Pasquill 1974). Alternatively a single data 
record can be split up into several records and the spectral densities can be calculated and averaged 
at the cost of the lowest frequency. The ESDU 85020 data sheet (ESDU 1993a) again provides a 
reference in figures 8.2 and 8.3 for an estimate of the spectral density functions in the u, v and w 
component non-dimensionalised by the mean wind velocity, turbulence length scale and turbulence 
intensity. 
2.3.2.2 Time Scales 
The time scales of turbulence are a comparative measure of the average duration of the effect of a 
gust at one point. These scales are obtained by integrating the appropriate autocorrelation functions 
over the complete range of time. (ESDU 1976) 
            
 
 
   
[2-6] 
Where   can be  ,   or . This provides three time scales, one in each orthogonal direction.  
2.3.3 The Spatial Domain and Taylor’s Hypothesis 
Taylor’s Hypothesis states 
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“If the velocity which carries the eddies is very much greater than the turbulent 
velocity, one may assume that the sequence of changes in u at a fixed point are simply 
due to the passage of an unchanging pattern of turbulent motion over the point.” 
(Taylor 1938) 
Measurements are very rarely obtained directly in the sense of using simultaneous measuring 
devices in 3D space. Instead they are mostly derived from time lapse measurements taken from a 
single instrument by applying Taylor’s hypothesis. Rephrased, Taylor’s hypothesis suggests that a 
turbulent flow can be considered to act as though the spatial pattern of velocities is frozen but 
travels at the mean wind speed.  
With this assumption the spatial and temporal domains are related by the mean wind speed in that a 
time, t, can be replaced by     where   is a distance along the longitudinal axis of the mean wind 
vector. The same principle applies, even more effectively, when the instrument is carried at speed 
on a vehicle, in which case the relative air speed    is used in the above transformation in place of   
and the reference line is the track relative to axes moving with the mean wind (Pasquill 1974). 
Measurements of fluctuations in the spatial domain are either given as a wavelength or the inverse, 
a wave number. In wind engineering plotting spectra against wave number has the advantage of 
collapsing the data onto a unique curve which appears to be invariant (for each terrain and direction 
considered) with the velocity of the natural wind. 
The validity of Taylor’s hypothesis and hence the transformation of data from the temporal to spatial 
domain has been studied in some depth for a variety of turbulent flows and the general consensus is 
that the hypothesis is valid up to distances equal to the integral length scale (discussed later). As a 
more direct reference to the topic, for a height of 2m (Panofsky, Cramer & Rao 1958) compared 
correlations obtained from instruments arranged along the mean wind direction. When plotted 
against the equivalent separation      the autocorrelograms were generally in excellent agreement 
with the space correlograms for spacings up to 90m – the maximum considered (Pasquill 1974). Thus 
Taylor’s hypothesis can be considered valid for atmospheric turbulence and will be used in this work. 
2.3.3.1 Length Scales 
The length scales of a turbulent flow are the equivalent of the time scales discussed in Section 
2.3.2.2 but in the spatial domain. They can be calculated by integrating the appropriate spatial 
function over the complete range of the spatial variable. 
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Where   can be  ,   or . 
[2-7] 
This results in nine length scales as opposed to just the three time scales. In this work we are mainly 
concerned with the scales in the along-wind direction    
   which are directly related to the time 
scales by the mean wind speed such that; 
   
       
[2-8] 
There are two main methods of determining the length scale of a flow; 
 The autocorrelation function of the data can be integrated until the correlation value drops 
below 0.05, this gives the integral time scale which can be used to calculate the length scale 
using Equation [2-8], (Flay 1978). 
Alternatively, 
 The length scale can be identified on a spectral plot as the wavelength of the greatest 
energy. For spectra created by atmospheric data, even those averaged over several runs, 
picking the maximum point can be difficult and as such a von Karman spectral fit is generally 
applied to the data to make this easier. This method is detailed in the ESDU data sheets 
(ESDU 1993a). 
The magnitude of the length scales in the ABL is primarily dependent on the surface roughness of 
the fetch. 
The most relevant work in the area of length scales at low altitudes is that of Flay (Flay 1978; Flay & 
Stevenson 1988) who measured the length scales of strong atmospheric winds (VW = 8-10 m/s at 10 
m above ground level) in open terrain, the results are shown in Figure 2-10. The results show that 
lengths scales of turbulence at elevations relevant to MAVs vary between 40 to 150 m for 
longitudinal length scales, between 20 to 60 m in the lateral direction and between 5 to 20 m in the 
vertical direction. 
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Figure 2-10 – Integral length scale variation with height (Flay 1978; Flay & Stevenson 1988) 
 
2.3.3.2 The Velocity Correlation Function 
The velocity correlation function is a measure of the correlation of velocity fluctuations at one point 
in space to another. As an example, equation [2-9] gives the correlation function for longitudinal 
velocity fluctuations for points separated in a stream-wise direction. The correlation reaches 0 when 
the fluctuations at the two points are are statistically independent. As the separation between the 
two points reduces then                          (Davidson 2004). 
                       
                          
[2-9] 
The correlation function is widely used in the wind engineering field which is perhaps the field most 
closely aligned with this work, however the correlation function does not show the distribution of 
kinetic energy across different turbulent eddy sizes (Davidson 2004). To show such information the 
energy spectrum, as described in section 2.3.2.1 and structure functions, detailed in the following 
section  are used. 
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2.3.3.3 2nd Order Velocity Structure Function 
Originally used in the early Russian work on turbulence, the 2nd order velocity structure function 
(hereafter referred to as the structure function) is an indicator of the distribution of the spatial 
scales of turbulence within a flow (Davidson 2004; Panchev 1971; Pope 2001). It is also known as the 
statistical moments of the velocity increments. The structure function is defined as the mean square 
of the velocity difference between two points separated by a distance of x.  
 
                       
                           
 [2-10] 
 
                       
                           
 [2-11] 
 
                       
                             
 [2-12] 
In non-sheared flow this can be simplified to the variance of the velocity difference between two 
points separated by a distance of r as the mean velocity at the two points is equal. 
 
                           [2-13] 
A simplistic approach to understanding the structure function is to consider that only eddies up to a 
size of   (the separation) can make a significant contribution to the structure function magnitude. 
Thus the structure function indicates the energy per unit mass contained in eddies smaller than 
  (Davidson 2004). 
There are 3 structure functions for each orthogonal axis direction, the longitudinal structure function 
for which the equation is given above in [2-10] and two transverse structure functions, one in the 
vertical axis and the other in the horizontal (equations given in [2-11] and [2-12]), Figure 2-11 is 
helpful in visualising the transverse and longitudinal structure functions. 
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Figure 2-11 – A sketch of the velocity components involved in the longitudinal and transverse stream-wise structure 
functions for a given separation. Adapted from Pope (2001). 
The stream-wise (separations in the x axis) structure functions can be measured with a single 
instrument if Taylor’s hypothesis is assumed since the time axis can be conveniently converted to a 
distance axis. The cross-stream (y axis) and vertical (z axis) structure functions however must be 
measured with multiple instruments. 
2.3.4 The Inertial sub-range of Turbulence 
Up to now all discussion has covered the whole spectrum of the micro meteorological range 
(fluctuations of frequency 10-3 Hz and greater) however as the focus of this research is for aircraft 
with wing spans of 1m and smaller, only a small portion of the micro-meteorological range is 
relevant to the dynamic performance of these aircraft; the larger scales being sufficiently greater in 
size than the aircraft such that the effects can be considered quasi-steady. 
It is common in vehicle performance analysis (for land, water and air vehicles) to consider 
fluctuations of a spatial size greater than 10 times the characteristic length of the vehicle in question 
(in this case the wing span) as quasi-steady (Fung 1993). The research here is focussed on small fixed 
wing unmanned aircraft with a wingspan of up to 0.5 m. Assuming an aspect ratio of 2 the maximum 
chord is 0.25 m and hence the maximum wavelength of interest here is 2.5 m (Bearman & Morel 
1983). 
In calculating the minimum frequency, the minimum velocity the aircraft will fly at with respect to 
the wind is needed. The theoretical 2D lift curve slope (   ) has been used with an angle of attack 
of 10° resulting in a minimum velocity required to maintain straight and level flight of 2.4 m/s for a 
50 g aircraft. The period of a 2.5 m long fluctuation travelling past the point of measurement at 2.4 
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m/s is just under 1 s. This corresponds to a frequency of ≈1 Hz. To err on the conservative side, the 
lowest frequency of interest for this work is taken as one order of magnitude lower than this value 
and set at 0.1 Hz. 
A paper by Lissaman (2009) discussed the magnitude of the maximum roll moment possible from a 
range of sinusoidal cross-stream velocity distributions of different periods. The main plot from this 
discussion is given in Figure 2-12 and indicates that the maximum roll moment will be generated by 
a sinusoid with a period of slightly larger than the span of the aircraft. 
 
Figure 2-12 – Maximum roll moment possible from sinusoidal cross-stream velocity distributions (Lissaman 2009). 
 
There is a benefit in bounding the range of frequencies of interest which lies in the energy decay of 
turbulence and the phenomenon of “local isotropy at high frequencies” as described below. 
“Large turbulent eddies decay to smaller and smaller ones and the eddies smaller 
than a critical size can be considered to be sufficiently decayed from the larger initial 
eddies from which originated. The eddies exhibit what is termed local isotropy”. 
(MacCready 1953) 
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The concept of local isotropy was first published by Kolmogorov in 1941 (an English translation was 
published in the Proceedings of the Royal Society of London (Kolmogorov 1991)) although the finer 
details of the subject are still a topic of healthy debate. The energy spectrum of turbulent flow can 
be divided up in to three sections as shown in Figure 2-13. The energy-containing range or input 
range, the inertial sub-range and the viscous dissipation range, (Pope 2001). 
 
Figure 2-13 – Energy spectrum of turbulence (Pasquill 1974). 
 
Figure 2-14 – Schematic diagram of the energy cascade at very high Reynolds numbers (Pope 2001). Note that the x axis 
is reversed from that in Figure 2-13. 
It is hypothesised (Pope 2001) that energy is fed into the flow over a small range of low wave-
numbers        
     according to the size of the generating mechanisms. In the inertial sub-
range     
           inertial effects dominate and larger eddies decay in to smaller and 
smaller ones at a constant rate according to the     law as in equation [2-15] where   is a 
constant and   is the rate of dissipation,   refers to the Kolmogorov scales, the characteristic scales 
of the smallest turbulent motions. Similarly the structure function for the inertial sub-range can be 
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described as an equation as given in equation [2-16]. The structure function grows at a constant rate 
of  
 
   where   is the separation between measurements. 
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[2-16] 
It is in the inertial sub-range where local isotropy occurs (Davidson 2004), and considering only the 
region of local isotropy can greatly simplify the statistics of turbulence. Saddoughi and Veeravalli 
(1994) provides a good overview of some of the simplifications in the introduction to their paper. Of 
most interest here is the ability to uniquely determine the transverse spectra and structure function 
given the longitudinal spectrum (and vice versa). 
Assuming isotropy, the one dimensional longitudinal and transverse spectra are: (Saddoughi & 
Veeravalli 1994) 
           
 
    
 
   
[2-17] 
                 
  
 
    
 
   
[2-18] 
Where    and   
  are constants and related by  
 
  
 
  
 
 
 
 
[2-19] 
This ratio is a consequence of Taylor's Hypothesis, the assumption of local isotropy, the 
incompressibility of the turbulent flow field and the Kolmogorov hypothesis. (Busch & Panofsky 
1968) 
Similarly the longitudinal and transverse structure functions follow a similar relationship. (Saddoughi 
& Veeravalli 1994) 
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Where    and   
  are constants and related by: 
   
 
37 
 
  
  
    
[2-22] 
 
  
 
  
 
 
 
 
[2-23] 
The cross-stream structure functions are purported to have similar equations and relationships 
between the longitudinal and transverse values (Werne & Firitts 2000) however very little data on 
these are available, most likely a result of the difficulty of obtaining measurements of turbulence 
simultaneously in three dimensional space.  
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Where    and   
  are constants and related by  
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Again it should be remembered that these relations are only valid for isotropic flows. A 
mathematical explanation of these statistical features is available in Tennekes and Lumley (1972). No 
data examining the vertical (separation in the z axis) structure functions were found despite an 
extensive literature review however as per equation [2-25] the structure functions for vertical 
separations should be the same as for lateral separation in isotropic turbulence. 
In the viscous dissipation range, viscous forces dominate, causing the remaining energy to dissipate 
as heat. The scales of turbulence in the dissipation range are of too small a size to be of interest here 
and will not be discussed. 
2.3.5 Thermal Effects 
Thermal stratification of the atmosphere can have a significant effect on both the mean and 
fluctuating velocities. The thermal stratification, which is often referred to as the stability of the ABL, 
has three possibilities: stable, neutral and unstable. A stable boundary layer occurs when the surface 
temperature is colder than the air temperature. Under these conditions turbulence is generated by 
shear and destroyed by buoyancy and viscosity which leads to a reduced turbulence in comparison 
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to the neutral and unstable conditions (Garratt 1994). A stable boundary layer generally occurs in 
the ABL at night when there is no heating of the earth by the sun. 
Neutral stability occurs when there is little to no heating or cooling. More precisely, a neutral 
boundary layer will occur when the production of turbulent energy from shear is much greater than 
that of buoyancy. This will generally occur when the wind speed is high. Typically a boundary layer is 
said to be neutral if the wind speed is 10 m/s or higher. An unstable boundary layer occurs when the 
lower layers of air are warmer than the higher layers resulting in a transfer of air from the warm low 
altitudes to the cool upper altitudes in a convective manner (Højstrup 1982). The effect of stability 
on the mean velocity profile with height can be seen in Figure 2-15. 
 
Figure 2-15 – Effect of atmospheric stability on velocity profile with height (Kaimal & Finnigan 1993). 
The effect that the state of the boundary layer has on the distribution of energy over the frequency 
range has been plotted in Figures 2-16, 2-17 and 2-18 for the u, v and w components respectively. 
The plots show a series of lines which denote varying degrees of stability. The lines represent 
different values of the stability parameter z/L which is defined in on page 15 of Kaimal and Finnigan 
(1993) however explained simply, the line denoted 0+ is for a neutral boundary layer, positive values 
are for stable boundary layers and negative for unstable. The magnitude is an indicator of the degree 
of stability or instability. The plots show a significant reduction in turbulence with increasing stability 
but of more importance to the work here is the significant effect on the magnitude of the spectrum. 
The x axis values are given as a dimensionless frequency and for this research, the range of interest 
is from a value of approximately 0.1 upwards based on a frequency of 0.1 Hz at 10m height and a 
mean velocity of 10 m/s. 
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The plots show that for unstable conditions there is little change from the neutral condition over this 
range in the u and v components. The w component is susceptible to changes in stability over a 
larger range of frequencies which extends into the frequency range of interest here, however the 
effect is relatively small. For stable conditions the effect is significant and testing in these conditions 
can easily be avoided by testing in daylight hours when the heating of the earth by the sun causes 
neutral or unstable conditions. 
 
Figure 2-16 – Effect of atmospheric stability on u component spectrum (Kaimal & Finnigan 1993). 
 
Figure 2-17 – Effect of atmospheric stability on v component spectrum (Kaimal & Finnigan 1993). 
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Figure 2-18 – Effect of atmospheric stability on w component spectrum (Kaimal & Finnigan 1993). 
2.3.6 Local Effects 
Local effects are defined as events in wind velocities that are a result of an obstruction in the flow. 
These will generally be a result of flow over-, or under-speed, or separation around a structure, 
vegetation or topography and can significantly alter the flow field. Figure 2-19 illustrates the local 
wake of a slotted plate and clearly shows the wakes and jets that occur close to the plate before the 
turbulence mixes and decays to a more homogeneous state. The exact effects from these local 
obstructions are highly dependent on many factors including, but not limited to; the physical shape 
of the local obstruction; the wind speed and direction, and; the surrounding terrain. Knowledge of 
these effects are likely to be very important in the flight of MAVs when flying through very complex 
terrain, however this research is focused mainly on the case of turbulence well away from local 
effects. It is felt that a more general study of the small scales of turbulence is needed before the 
local effects can be considered. 
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Figure 2-19 – The wake of a slotted flat plate illustrating the local effects from the plate before the turbulence fully 
mixes. (Nagib 2011) 
 
2.4 Data Relating to the Turbulence Experienced by Micro Aircraft 
The only collection of atmospheric turbulence data collected with the intent of studying the 
aerodynamic inputs of MAVs and published is that of (Watkins, Loxton & Thompson 2009; Watkins 
et al. 2006). This research involved measuring the 3-dimensional wind velocity at 5000Hz and down 
sampled to 1250Hz with four probes laterally separated over 450mm and 150mm spans. Figure 2-20 
is a sample of some of the results from the paper. There are considerable differences in pitch angle, 
at times 15 deg between probes 2 and 3, despite a lateral separation of only 50 mm. Similar results 
were also found for the instantaneous yaw angles and flow velocities in a variety of terrains and 
wind conditions (Watkins et al. 2006).  
 
Figure 2-20 – Sample of results (Watkins et al. 2006). 
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Figure 2-21 – Pitch variation fluctuations vs. lateral separation (Watkins et al. 2006). 
Figure 2-21 shows the pitch variation fluctuation for two particular cases: that of the atmospheric 
wind only; and that of the atmospheric wind with a mean u component added to it in order to 
simulate an MAV flying into this wind. This figure graphically illustrates how moving through 
atmospheric turbulence reduces the perceived pitch angles and pitch variation fluctuation, and thus 
reduces the effective roll inputs to the moving object (emphasizing that holding a stationary position 
against the wind is more challenging than moving into the wind). The increased turbulence levels 
and pitch variation fluctuations at very low or zero ground speed thus provide significant challenges 
for attitude control in MAVs and may require radical new approaches to small aircraft design, such 
as flapping propulsion or flexible wings as suggested by many (Jones & Platzer 2009; Mueller 2002; 
Pines & Bohorquez 2006; Shyy et al. 2010; Viieru 2006). 
The results presented by Watkins et al. (2006, 2009) are given as either the pitch or velocity 
variation fluctuation. These terms were created by the authors; however examination of the 
calculation procedure shows these terms to be the square root of a structure function, differing in 
that the standard deviation of the difference between two measurements has been used as opposed 
to the variance which is used in the structure function calculation. Hence squaring these values will 
produce a quantity proportional to the structure function. 
No other multi point turbulence data was found with the necessary temporal and spatial resolution 
to be used to study the fluctuating aerodynamic inputs to small and micro aircraft.  
2.5 Turbulence Models 
United States Military guidelines for the modelling of wind turbulence for use in the control and 
handling analysis of piloted aircraft are given in MIL-F-8785C and MIL-HDBK-1797. These documents 
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provide a number of equations (based on the turbulence intensity, the turbulence length scale, 
altitude) which can be used to generate a statistical model of wind turbulence to be used as an input 
to a dynamic model of an aircraft. Two different models are given, the von Kármán model and the 
Dryden model. The von Kármán turbulence model yields more correct spectral characteristics 
however it is more complex and not as easily realized computationally as the Dryden model which is 
a more approximate and simpler model (MIL-STD-1797A 1995). It is suggested a full structural 
analysis may require the von Kármán model (MIL-STD-1797A 1995). 
A further discreet form of the Dryden model is also given allowing discreet gusts to be introduced at 
critical points. The discreet model will not be considered here as the statistical performance over a 
typical flight is the interest of this investigation as opposed to the performance in individual gust 
events. 
The equations given below can be used to generate the spectral representations of the wind velocity 
disturbances along and the angular velocity disturbances about the x, y and z axis’. The models do 
however only generate velocity fluctuations in a stream-wise direction. No generation of cross-
stream turbulence is considered, which as mentioned previously, is thought to be the most critical 
for the small scale flight this research is concerned with. 
2.5.1 Spectra for the Turbulent Velocities 
2.5.1.1 von Kármán model  
The von Kármán model for of the spectra for the turbulence velocities are: 
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2.5.1.2 Dryden model 
The Dryden for of the spectra for the turbulence velocities is: 
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The models are again divided into two altitude ranges, low altitudes (defined as less than or equal to 
1000 ft) and medium/ high range. The difference between the two being turbulence length scales, 
the turbulence intensity and the turbulence axes orientation. 
As all micro flight will generally be conducted below 1000 ft, only the definitions for the low altitude 
case are presented. 
2.5.2 Turbulence Length Scales 
The turbulence length scales are the same for both models and are a function of altitude,   (note 
that   here should be specified in feet). 
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[2-35] 
The equations have been evaluated and are presented in Figure 2-22 (after conversion to SI units). 
When comparing these results to those measured by Flay (1978) there is a relatively good 
agreement at an altitude of 20 m however the agreement decreases at lower altitudes as the model 
length scales under-predict the results from Flay.  
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Figure 2-22 – Turbulence length scale vs. altitude as defined by MIL-STD-1797A (1995) as solid lines and length scales as 
measured by Flay (1988) as square data points. 
2.5.3 Turbulence Intensity 
The standard deviations of the velocity fluctuations are also the same for both models. The 
equations for each axis are given below and these can then be used to calculate the turbulence 
intensity: 
           
[2-36] 
 
  
  
 
  
  
 
 
                    
 
[2-37] 
The equations have been evaluated and are presented in Figure 2-23 (again after conversion to SI 
units). In calculating the turbulence intensity a typical mean velocity profile for an open terrain was 
used as shown earlier in Figure 2-4. The results are compared with data from ESDU (ESDU 1993a) for 
an open terrain. The results produced by the model show large differences to the ESDU results for a 
very open terrain category, in particular the longitudinal and lateral components which exhibit very 
different slopes. ESDU also suggests that at low altitudes the lateral turbulence intensity should be 
lower than the longitudinal which is not taken into account in the Dryden model. 
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Figure 2-23 – Turbulence intensity vs. altitude as defined by MIL-STD-1797A (1995) (U20 = 20 ft/s) (solid lines) compared 
with ESDU data (square data points). 
The models assume that the turbulence is “frozen” and convected at the mean wind speed, i.e. 
Taylor’s Hypothesis. It is claimed that this assumption is only valid for cases when the mean wind 
velocity and the turbulence intensity are small with respect to the aircraft’s ground speed (Hinze 
1975; Schänzer & Xiao 1997). 
The turbulence models also describe an average of all conditions for clear air turbulence because the 
following factors are not incorporated into the model: (Gage 2003; Mathworks 2011) 
 Terrain roughness 
 Lapse rate 
 Wind shears 
 Mean wind magnitude 
 Other meteorological factions (except altitude) 
Due to the lack of terrain roughness in particular, these models are unlikely to predict the correct 
turbulence characteristics for the winds encountered by MAVs and other small aircraft in anything 
other than very open terrain. Flight through this type of terrain by MAVs is likely to be very a very 
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small percentage of the flight time. No documented attempts to utilise the model in a modified 
format for such winds were found. 
2.6 Concluding Remarks from Literature Review 
While there is a very large body of knowledge from decades of wind engineering research 
documenting the flow structure within the ABL, the majority of the data are unable to be used in 
determining the atmospheric aerodynamic inputs for MAV flight. This is because the research is 
directed primarily at the wind loading of structures which are orders of magnitude larger than an 
MAV and the most common use of data are for loads due to strong, relatively rare, winds. Thus the 
spatial and temporal resolution of this data is not fine enough for MAV scales and the principal axis 
of investigation of the existing data (i.e., the vertical axis) is perpendicular to that required for MAVs 
(Watkins et al. 2006). The wind speeds of many measurements also preclude their use here as MAVs 
will fly in winds of less than 10 m/s due to the relatively low flight speed of these aircraft. 
Computational fluid dynamics has progressed immensely over the past two decades– through the 
use of inviscid panel methods; then simple k–e techniques, which were afterwards refined in various 
ways to make them more suitable for wind engineering application; and now increasingly through 
unsteady flow methods such as Large Eddy Simulation (LES), Discrete Eddy Simulation (DES) and 
discrete vortex modelling (Baker, C, J. 2007). However these methods again are of little use when 
looking at the scales required by MAVs. The computation required to produce a solution with the 
resolution necessary would be immense. As computing power continues to grow, computational 
methods will no doubt be able to produce the results in the future if computing power continues to 
grow at the current rate, but at this time CFD is not a feasible solution to testing MAVs in turbulence 
over the whole range of frequencies required. Turbulence models are available and are well used 
and validated for larger aircraft but the prediction of turbulence at small scales is undocumented. 
These models are also only useful for generating stream-wise turbulence. The generation of 
fluctuations across a span is not covered by these models and as noted responding to these 
fluctuations is believed to be critical in maintaining straight and level flight of micro aircraft. 
2nd order velocity structure functions appear to be an excellent way of presenting information on 
both the stream-wise and cross-stream turbulent fluctuations of the atmospheric wind. There are 
however, very few publications which detail measurements of structure functions in turbulence. 
Even fewer that present both the cross-stream and stream-wise structure functions and even fewer 
still that present measurements from atmospheric wind as opposed to wind tunnel generated 
turbulence. The only research that has been published that looks at the wind environment relevant 
to MAV flight with the required resolution appears to be that of the RMIT MAV Research Group 
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(Watkins, Loxton & Thompson 2009; Watkins et al. 2006). Their measurements were taken in areas 
ranging from roughly open to very rough terrains, Categories 4 to 6, and in areas where the flow is 
well developed and away from local effects and were taken at appropriate velocities and elevation 
for MAV flight.  
There is currently no published efforts with the required spatial and temporal resolution that looks 
at the wind environments within city centres (Category 7-8) and the challenges it holds for MAV 
flight. 
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3 Research Objectives and Scope 
Following a review of the current state of the art in the area of atmospheric turbulence of scales 
relevant to MAVs and smaller aircraft it was deduced that there is a significant lack of available 
information relating to characterisation of turbulence in the atmospheric wind at elevations relevant 
to MAVs and with fine spatial and temporal resolution.  In particular information on the cross-
stream structure of turbulence is extremely sparse. Thus the overall aim of this research is to 
measure and analyse the fluctuating velocity components in the lower levels of the ABL that are 
relevant to the scales and flight profiles used by MAVs and produce a simplified statistical 
representation of the turbulence for use in replicating typical turbulence conditions. 
The key research objectives are; 
 Measure with fine temporal and spatial resolution the turbulence: 
o In locations relevant to MAV flight (different terrains) 
o In the longitudinal and lateral directions 
 Compare the measurements to turbulence theory 
 Produce a set of guidelines for the reproduction of turbulence in either the physical or digital 
domain 
 Assign priorities to turbulence components for the testing of MAVs 
These research objectives will be met by obtaining wind velocity data simultaneously from multiple 
velocity measurement devices spanned across the oncoming wind with separations relevant to 
MAVs and smaller aircraft. This will enable statistics of turbulence in both the cross-stream and, with 
the assumption of Taylor’s hypothesis, stream-wise directions. 
This research will be limited by the following boundaries 
 Experimental only, no CFD investigation of the problem will be attempted. 
 Measurements recorded away from local structures and their associated wakes will be the 
primary focus although some measurements recorded in the presence of such wakes will be 
presented as an indicator of the possible effects. 
 All data will be high pass filtered at a frequency of 0.1 Hz to remove the low frequency 
fluctuations of the wind which can be considered as having a quasi-steady effect on a small 
aircraft. 
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 Testing will be limited to times when the atmosphere is neutrally stable or slightly unstable. 
Testing in stable conditions will be avoided since, as noted in the literature review, stable 
conditions influence the frequency range of interest whereas neutral and unstable 
conditions do not. 
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4 Methods and Materials 
This section details the equipment used, the locations of testing and the post-processing procedures 
used to obtain the wind data required to answer the questions set out in the previous section. It 
should be noted that some wind data used had been recorded by others as part of a previous 
research project. This is clarified later in this section. 
4.1 Wind Velocity Measurement 
The proposed research here requires multiple wind speed measurement tools that fit the following 
criteria: 
 Very small in size. 
 High frequency response (>500Hz). 
 Able to measure 3 orthogonal velocities, or velocity magnitude, pitch and yaw angles. 
 Able to measure low velocities (3 - 10 m/s) 
 Simultaneous measurement of multiple devices. 
 Robust, thus suitable for use in an outdoor environment away from laboratory facilities. 
RMIT University has a set of 4 “Cobra probes”, a multi-hole dynamic pressure probe manufactured 
by Turbulent Flow Instrumentation (TFI) (see Figure 4-1). The probes meet all the requirements and 
were selected as the means to acquire wind data. The TFI Cobra probe is able to measure fluctuating 
wind velocities in three orthogonal directions via its 2.6mm diameter multi-hole head at frequencies 
of up to 2000Hz. It has a cone of acceptance of ±45° about the longitudinal axis of the probe (see 
Figure 4-2 – Cobra probe cone of acceptance) and an absolute accuracy of ± 0.3m/s for velocities 
and ± 1° for flow angularity over the range 2m/s to 100m/s (Milbank, J 2008). The workings of the 
probes is detailed in Hooper & Musgrove (1997) however a brief overview of their operation is given 
here.  
 
Figure 4-1 – TFI Cobra probe. 
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The probes have a faceted head (4 faces) of 2.6mm in diameter with a 0.5mm pressure tap located 
in the centre of each facet. The pressure taps are connected via tubing to a pre-amplifier and a 
differential pressure transducer in body of the probe. The reference sides of the pressure transducer 
are all connected to a static pressure port located at the bottom of the probe body. The size of the 
head does limit the scales of turbulence that can be measured accurately. The probe assumes the 
measured pressures at each instance are quasi-steady to resolve turbulence velocities and hence the 
probe is not able to resolve scales smaller than the head of the probe. 
The probe is supplied calibrated by the manufacturer to convert the measured pressures to a 
velocity, pitch angle and yaw angle. The calibration surface is determined by placing the probe at 
various known orientations in a known flow and this surface is then stored as a lookup table and 
used by the TFI software to convert the raw data into velocities and pitch and yaw angles. A dynamic 
correction using the ITF method (Irwin, Cooper & Girard 1979) is also used to obtain independent 
transfer functions for each of the pressure transducer tubes (Pagliarella 2010). This correction is 
applied after the uncorrected responses of the individual tubes leading from the probe head to the 
pressure transducers are determined. This is achieved using software originally written at CSIRO 
(Holmes & Lewis 1987), based on the theory of Bergh and Tijdeman (1965). User interaction with the 
calibrations is neither required nor supported by the TFI software. Zeroing the probes in still air prior 
to any data recording is required; this simply adjusts the voltage-to-pressure ratio for each 
transducer. 
The calibration of the probe has been shown to be insensitive to the local turbulence intensity of the 
flow (Hooper & Musgrove 1997). It is believed that the faceted head geometry of the Cobra probe 
determines the angles at which flow separation occurs at each planar surface and that neither the 
free stream turbulence intensity nor the surface roughness effects are significant (Hooper & 
Musgrove 1997). The probe calibrations are stable over long periods of time and a wide range of 
temperatures (Milbank, J 2008). 
 
Figure 4-2 – Cobra probe cone of acceptance. 
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The traditional measurement device for fine scale measurements of turbulence is hot wire 
anemometry and was considered for the work presented here but discounted due to the fragile 
nature of the fine wire and the need for regular calibration in a laboratory. 
4.1.1 Mounting System 
The aim of recording atmospheric winds is to obtain a database of wind conditions that can be used 
to investigate the likely response of a micro aircraft subjected to those flight conditions. As 
mentioned previously the most problematic motion for an MAV in atmospheric turbulence is high 
levels of roll as a result of fluctuating lift distributions across the span of the aircraft. With this in 
mind the most effective use of the four probes is mounted laterally across the mean wind direction 
thus imitating a wing span flying into the wind. 
 
Figure 4-3 – Mounting configuration for Cobra probes with 50 mm inter-probe spacing. 
 
Figure 4-4 – Mounting configuration for Cobra probes with 150 mm inter-probe spacing. 
Two mounting systems were used in obtaining the data. The first, shown in Figures 4-3 and 4-4, was 
used to span the probes with inter-probe spacing of 50 mm and 150 mm to give a total span of 150 
and 450 mm respectively. A span of 150 mm is equal to that desired for an MAV which made it a 
logical choice for the main span of the probes in measurements. Spanning the probes across a 450 
mm span allowed results relevant to a slightly larger aircraft to be measured. The probes were held 
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in a lightweight aluminium beam, 12 mm thick and 50 mm wide (along the wind axis) in locking 
collars at the base of the probe so that the probe heads were approximately 120 mm from the beam. 
The leading edge of the beam was rounded to a semi-ellipsoidal shape to discourage separation of 
the flow.  
Table 4-1 – Cross-stream inter-probe spacing values 
Distance between probes (mm) Spacing Combinations (m) 
14 14 28 42 
50 50 100 150 
150 150 300 450 
 
 
Figure 4-5 – Initial probe configuration for 14 mm inter-probe spacing. 
Two mounting methods were used to measure wind at the lowest inter-probe spacing. The first was 
to place the probe bodies directly next to each other in a line as shown in Figure 4-5. This resulted in 
an inter-probe spacing of 14 mm (each probe body is 14 mm in diameter) which resulted in an 
overall span of the probes over 42 mm, making these results relevant to even small aircraft, small 
birds and larger insects. 
Some initial testing was done with this mounting system however it was believed that the blockage 
caused by the frontal area of the 4 probes together was interfering with the flow. A wind tunnel 
investigation (detailed in Appendix A.2.2) confirmed that at high pitch angles of the oncoming wind 
with respect to the probes the data being recorded was subjected to a higher velocity and pitch 
angle. A steady state correction was obtained from the wind tunnel study and is also detailed in the 
appendix. 
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Figure 4-6 – Revised probe mounting system for 14 mm inter-probe spacing. 
In further testing using a smaller inter-probe spacing a different mount was used to avoid the effect 
of blockage from having four probes directly beside one another. The mounting system (shown in 
Figure 4-6) arrayed the probes around a rectangular frame such that one probe was attached at the 
angles 0°, 90°, 180° and 270°. The probes were attached to the rectangular frame by struts to place 
the probes well ahead (130mm) of the main frame structure and its wake. Although a lower inter-
probe spacing was able to be achieved using this mounting system (no longer limited by the width of 
the probe bodies) the spacing was kept at 14 mm for consistency. 
4.1.2 Measurements in high turbulence 
The probes are able to measure velocity vectors within a ±45° cone about the longitudinal axis of the 
probe as shown in Figure 4-2. In high turbulence this can be problematic as the angles of the velocity 
vectors can exceed this limit and as such are not recorded by the probe. This problem was overcome 
by moving the probes through the air at speed by mounting the probes above a vehicle as shown in 
Figure 4-7. This artificially adds an additional velocity to the u component which, when recorded 
simultaneously, can be easily subtracted in post-processing of the results. 
The work involved with the setup and measurement of turbulence with probes mounted above a 
vehicle was not conducted by the author (whereas all stationary measurements were). This work 
was done by others at RMIT University and the raw data from the recordings was made available to 
230 mm 
350 mm 
400 mm 
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the author. The work was detailed in a report (Milbank, J. et al. 2005) which is available online3. 
Excerpts from this report are presented here for convenience. 
 
Figure 4-7 – Vehicle with probes mounted above at h = 3.9 m (Milbank, J. et al. 2005). 
“In order to measure the turbulence levels and scale in the atmospheric boundary 
layer, a laterally spaced instrumentation configuration was utilised. The lateral spacing 
specifically enabled the examination of parameters that affect the effective roll inputs of 
an MAV platform, as discussed in Section 5.2, while still allowing parameters that affect 
the effective pitch inputs to be examined if required. 
The configuration consisted of four multi-hole pressure probes, or Cobra probes, 
mounted on an aerodynamically faired bracket and equi-spaced in the lateral direction. 
The bracket with probes was then mounted on a mast on top of a vehicle, ~4 metres 
above the ground, and measurements were taken in different terrains and wind 
conditions. 
The effective measurement points were at the probe heads, which were situated 3.9 
metres above the ground thus removing the proximity effects of the vehicle on the flow. 
Although the probes and bracket were approximately aligned with the centreline of the 
vehicle, and therefore its direction of travel, the small offsets due to the differences in 
their individual and overall alignments with the centreline were accounted for by 
conducting calibration runs at various vehicle speeds, in very calm conditions on a 
smooth, horizontal surface (The smooth tarmac of an airfield was found to be perfect for 
this purpose. The exceptionally smooth surface ensured that bumps and undulations did 
                                                          
3
 The report is available at http://mams.rmit.edu.au/cibbi0b6g34o.pdf; an accompanying addendum to the 
report is available at http://mams.rmit.edu.au/nqjhdfdjn29o.pdf. 
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not interfere with the calibration measurements, and the very smooth, open terrain 
along with calm wind conditions ensured that very little in the way of atmospheric 
disturbances was encountered). 
Once the offsets were determined, they were subsequently removed from all data 
measured using the probes, thus ensuring that the data collected from all four probes 
was aligned with the vehicles direction of travel, i.e. in calm conditions the measured u-
component velocity was aligned with the direction of travel. Therefore any flow angles 
measured by the probes were solely due to the ambient wind characteristics, and not the 
alignment of the probe array. 
Measurements were typically of the order of 60-90 seconds in length, depending on 
the available stretch of road, traffic conditions and the vehicle speed. Vehicle speed was 
itself determined by the road conditions and also the prevailing traffic conditions, but 
was typically 20 or 50 km/h. 
Measurement runs were typically conducted in light or no traffic as far as possible, 
in order to avoid the effects of wakes from other vehicles. The exception to this was the 
very built-up, metropolitan terrains where it was not possible to completely avoid traffic. 
In these conditions the vehicle was driven within significant gaps in the traffic and at the 
prevailing traffic speed, in order to avoid passing or being passed by other vehicles. Runs 
significantly affected by traffic, alterations in vehicle speed or direction, or bumps and 
significant undulations in the road surface were discarded and the measurements 
repeated in better conditions.” 
(Milbank, J. et al. 2005) 
The data measured by Milbank (2005) was made available to the author in a raw format without any 
corrections applied and was analysed for this work in the manner described in Section 4.3. 
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4.2 Locations 
Measurements of the fluctuations in the atmospheric wind were recorded in open terrain and city 
terrain, or, Categories 3 and 7-8 respectively from Table 4-2. Recording in these 2 terrains provided 
representative data for what is expected to be the least turbulent case and a highly turbulent case. 
Location 1 and 2, while geographically separated by a vast distance, are very similar in terms of the 
fetch4, both falling in to the category of open terrain, although the terrain at location 1 is slightly 
more undulating. The largest difference between L1 and L2 was the wind conditions (4-6 m/s versus 
8-10 m/s). 
Location 3 refers to measurements in a built up area and measurements were recorded from a 
moving vehicle. This allowed measurements to be recorded while close to turbulence-generating 
structure. All 4 sub-areas of location 3 are very similar and vary only slightly in the size, shape and 
proximity of the surrounding obstructions. 
Locations 4 and 5 refer to data recorded specifically in the wake of a specified turbulence-generating 
structure. The focus of this work is not on the turbulence in the wake of a particular structure; rather 
it is on the range of turbulence conditions that could be expected to be encountered by an MAV 
over the entirety of its mission. It is however noted that the local wake of structures is a vital part of 
the turbulence encountered by MAVs and so two representative examples of local wake type 
turbulence are given. 
Table 4-2 – Classification of effective terrain roughness (Davenport, A, G. et al. 2000) 
# Category Surface roughness 
length, z0 
Landscape Description 
(H: obstacle height, x: obstacle separation) 
1 Sea 0.0002m Open water, featureless flat plain, fetch > 3km 
2 Smooth 0.005m Obstacle-free land with negligible vegetation, marsh, ridge free 
ice 
3 Open 0.03m Flat open grass, tundra, airport runway, isolated obstacles 
separated by >50H 
4 Roughly 
Open 
0.1m Low crops or plant cover, occasional obstacles separated by 
>20H 
5 Rough 0.25m Crops of varying height, scattered obstacles separated by x≈12-
15H if porous (shelterbelts) and x≈8-12H if solid (buildings)  
6 Very 
Rough 
0.5m Intensively cultivated landscape with large farms, orchards, 
bush land, x≈8H; low well-spaced buildings and no high trees, 
x≈3-7H 
7 Skimming 1.0m Full similar height obstacle cover, x≈H, e.g. mature forests, 
                                                          
4
 Fetch refers to the upstream ground conditions, both terrain and turbulence generating obstacles such as 
plants and buildings. 
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densely Built town area 
8 “Chaotic” >2.0m Irregular distribution of very large elements: high rise city 
centre, big irregular forest with large clearings 
4.2.1 Terrain Type 3 (Open Terrain) 
4.2.1.1 Location 1 (L1) 
Location 1 refers to measurements taken at the coordinates: 51° 45' 20"N 3° 55' 50"W, a location in 
the Lliw Valley of Southern Wales between Clydach and Ammanford5. The test site is near the top of 
a slight rise surrounded by undulating terrain as can be seen in Figure 4-8. The fetch for 1km upwind 
of the probes can be described as terrain category 3 (see Table 4-2) although the rise is likely to 
cause a speedup of the wind which would increase the mean velocities and decrease the turbulence 
intensity (Belcher & Hunt 1998). A satellite image and topographical map are given in Figure 4-9 and 
Figure 4-10 respectively, the point marked “A” is the test location and the arrow indicates the wind 
direction (South East). Measurements were taken on a 2 m Mast. 
 
Figure 4-8 – Fetch at L1 
 
Figure 4-9 – Google Maps satellite image of L1 
 
Figure 4-10 – Google Maps topographical overview of L1 
                                                          
5
 The work was undertaken in Wales while working in collaboration with the Oxford University Animal Flight 
Group. 
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4.2.1.2 Location 2 (L2) 
Location 2 refers to measurements taken at the coordinates: 35° 22' 0"S 142° 24' 1"E. This location is 
near the town of Speed in north-west Victoria, Australia. The site is located in a field used for grain 
cropping which at the time had recently been harvested leaving sparse 0.4 m high canola stubble 
over the entire field. The wind at the time of testing was a northerly wind (8–10 m/s) and the terrain 
to the north is extremely flat for hundreds of kilometres. A slight shift in the direction of the wind 
did occur while testing from N to NNW. The closest obstructions upstream are a sparse line of trees 
along a road approximately 1.5 km north of the testing location. Measurements were taken on a 4 m 
mast. 
 
Figure 4-11 – Fetch at L2 
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Figure 4-12 – Google Maps satellite image of L2 
 
 
4.2.2 Terrain Type 7 – 8 (Suburban / City Terrain) 
4.2.2.1 Location 3 
Location 3 refers to measurements recorded in the area around the coordinates: 37° 48' 25"S 144° 
59' 30"E, a built up light industrial and commercial area in the suburb of Collingwood, Melbourne. 
Measurements at this location were recorded by mounting the 4 probes above a vehicle and driving 
along the roads highlighted in red on Figure 4-13. This was necessary as the winds in the area are 
extremely turbulent due to the high number of structures in the surrounding area. Driving the 
probes through the terrain allows the angles of the flow with respect to the probe head to be 
reduced to a range that can be measured by the probe; more detail on this is given in section 4.1.2. 
The probes were mounted at a height of 3.9 m above the ground. The roads used to record the data 
were lined with buildings of typically 2 storeys and in the range of 5 to 8 m high creating an urban 
canyon with a width to height ratio typically between 0.3 and 1.1. The mean wind speed at the time 
of testing was noted at between 0.5 m/s to 6m/s from the north westerly direction. The direction 
relative to the satellite image in Figure 4-13 is shown by the red arrow. A more detailed description 
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of each of the 4 roads used is given in the following sections. A simple 3D model of the area 
(including structures) is available in Google Earth which may be of use in understanding the terrain. 
 
Figure 4-13 – Google Maps satellite image of testing routes for L3 
4.2.2.1.1 Location 3a (L3a) – Hoddle St 
Location 3a refers to measurements recorded from probes mounted 3.9 m above a vehicle travelling 
along Hoddle St in Collingwood, Australia. The road runs in a roughly north-south direction. The road 
is a major road in Melbourne and is between 4 and 5 lanes wide in each direction with a median 
strip roughly 1 to 2 m wide in the centre with trees in some sections of a height of 3 to 5 m. Either 
side of the road is a footpath/nature-strip region of between 3 and 8 m wide. The road is lined on 
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both sides by buildings and trees. The buildings are typically 2 storeys high although several much 
taller buildings as can be seen in the photographs in Figure 4-14 are present. This results in an urban 
canyon of typically between 30 to 50 m wide and 8 to 15 m high  
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Figure 4-14 – Photographs of typical streetscape in Collingwood (Hoddle St) 
   
 
65 
 
4.2.2.1.2 Location 3a (L3b) – Langdridge St 
Location 3b refers to measurements recorded from probes mounted 3.9 m above a vehicle travelling 
along Langridge St in Collingwood, Australia. The road runs in a roughly east-west direction. The road 
is 2 lanes wide with an additional bicycle lane in each direction and a third lane for parking. Either 
side of the road is a footpath/nature-strip region of between 1 and 2 m wide. The road is lined on 
both sides by residential and light industrial buildings as well as trees. The buildings are typically 2 
storeys high and a typical streetscape can be seen in Figure 4-15. This results in an urban canyon of 
typically 15 m wide and 5 to 8 m high. 
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Figure 4-15 – Photographs of typical streetscape in Collingwood (Langridge St) 
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4.2.2.1.3 Location 3a (L3c) – Smith St 
Location 3c refers to measurements recorded from probes mounted 3.9 m above a vehicle travelling 
along Smith St in Collingwood, Australia. The road runs in a roughly north-south direction. The road 
is 4 lanes wide with a 0.5 m median strip in the centre. Either side of the road is a footpath/nature-
strip region of between 2 to 3 m wide although this is typically covered by a veranda out to the edge 
of the road from the commercial shopfronts which line the road. The road is also a tram route and as 
such there are overhead powerlines running along the centre of the street at a height of 
approximately 4.5 m. The buildings are typically 2 storeys high and a typical streetscape can be seen 
in Figure 4-16. This results in an urban canyon of typically 15 m wide and 5 to 8 m high. 
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Figure 4-16 – Photographs of typical streetscape in Collingwood (Smith St) 
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4.2.2.1.4 Location 3a (L3d) – Wellington St 
 Location 3d refers to measurements recorded from probes mounted 3.9 m above a vehicle 
travelling along Wellington St in Collingwood, Australia. The road is 2 lanes wide with an additional 
bicycle lane in each direction and a third lane for parking. Either side of the road is a footpath of 
between 2 and 3 m wide. The road is lined on both sides by residential and light industrial buildings 
as well as an occasional tree. The buildings are typically 2 storeys high with one significantly larger 
building along the road which can be seen in Figure 4-17. This results in an urban canyon of typically 
17 m wide and 5 to 8 m high. 
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Figure 4-17 – Photographs of typical streetscape in Collingwood (Wellington St) 
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4.2.1 Terrain Type 7 – 8 in the Presence of Strong Local Effects 
The measurements from these locations were subject to the influences from local structures and are 
included as the results give brief indication of the possible effects of local structures on the turbulent 
winds.  
4.2.1.1 Location 4 (L4) 
Location 4 refers to measurements taken at the coordinates: 51° 42' 0"N 3° 52' 41"W. This location is 
in the town of Clydach, South Wales. The town itself is located in a valley between two mountain 
ridges approximately 100m higher than the low point of the valley. The testing site was in the back 
yard area of a residential property surrounded by predominantly 2 storey dwellings of an average 
height of approximately 7 m and width and breadth of 10 m. The wind approached the site from the 
west and as such the turbulence in the wind developed from a very rough terrain of residential 
dwellings as described above with a spacing between the structures of between 20 m to 40 m 
(centre to centre) over the distance of 1 km. Measurements were taken on a 10 m mast so as to 
ensure the probes were located above the recirculation region of the nearest structure. The probes 
were subject to local effects resulting from the interference of the nearby buildings on the wind; this 
was problematic in that the fluctuations of the angle of the velocity vector often exceeded the 
acceptance range of the probes.  
 
Figure 4-18 – Setup at L4 
   
 
72 
 
 
Figure 4-19 – Satellite image of L4 
 
Figure 4-20 – Topographical overview of L4 
From a large number of the measurements only 2 were found to have acceptably high fidelity, the 
remaining records were discarded as they contained too many  zero values resulting from the out of 
range velocity vector angles.  
4.2.1.2 Location 5 (L5) 
Location 5 refers to measurements taken at the coordinates: 37° 40' 37"S 145° 4' 28"W. This location 
is on the RMIT University Bundoora East campus in the northern suburbs of Melbourne, Australia. 
Measurements at this location were recorded by mounting the 4 probes above a vehicle and driving 
along the path noted in Figure 4-21 in a similar manner to the measurements at L3. The driving path 
is through an open car park with a large building to the left of the vehicle path which can be seen in 
the satellite image of the location. For an indication of scale the building is roughly 35 m wide, 85 m 
long is a constant 7 m high. The vehicle track was roughly 3 m from the edge of the building. 
Wind conditions at the time of measurements were a 5 m/s northerly which means that the flow 
developed over many kilometres of suburban terrain, a very small portion of which can be seen at 
the top of Figure 4-21. 
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Figure 4-21 – Satellite image of L5 
 
Figure 4-22 – Location 5, looking north. (Cars parked over vehicle track used in measuring data) 
 
Vehicle Path 
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4.3 Data Acquisition and Post-Processing 
  
Figure 4-23 - Flow chart of data acquisition and post-processing 
4.3.1.1 Data Sampling Settings 
Data were recorded at 1250Hz, converting this to the spatial domain this corresponds to a sample 
every 3 mm at 4 m/s (the lowest mean velocity recorded) and every 16 mm at 20 m/s (the highest 
mean velocity recorded – this value included the added velocity of a vehicle). The TFI software also 
requires a block size to be specified. This is necessary as the correction procedure for the TFI probes 
involved taking an FFT of the data. The block size is the number of samples recorded before the FFT 
is calculated. The block size for these recordings was set at 8192 samples. Sample times varied 
greatly depending on the wind conditions, in particular due to the variability of the wind direction. 
Data sets varied in length between 20 s and 20 minutes, records of less than 20 s were discarded. 
4.3.1.2 Data Integrity Checks 
On completion of sampling, the recorded data were examined to ensure that they met the following 
criteria: 
 Mean wind velocity of greater than 3 m/s. 
 Alignment of probes to within 10° of the mean wind direction in both the pitch and yaw 
angles. 
 At least 20 s of data recorded with no points outside the 45° cone of acceptance of the 
probes. 
Only tests with a mean wind of greater than 3 m/s were used as the probes used to measure the 
velocity are a pressure-based system meaning that the errors are inversely proportionally to the 
wind speed squared so at low velocities the potential errors are high. For those measurements 
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recorded above a moving vehicle this criteria was not necessary as the velocity of the wind with 
respect to the probe was increased significantly by the velocity of the vehicle. 
It was important to align the probes reasonably accurately with the mean wind direction so that the 
4 probes were spanned as close to perpendicular to the time-averaged wind direction as possible. 
This was effected via recording short velocity measurements before each set of tests and realigning 
the probes where needed. As discussed in the section 2.3.4 the coefficients of the structure 
functions (and the spectra) for the cross-stream and stream-wise cases have different values, hence 
a misalignment of the probes will cause a slight deviation from the expected value. 
4.3.1.3 Removal of Added Velocity Component from Vehicle Speed 
For those measurements recorded using probes mounted above a moving vehicle it was necessary 
to remove the velocity component from the vehicle speed such that the velocity measurements 
were those of only the wind fluctuations. As the probes were closely aligned with the direction of 
travel by the vehicle (± 1 degree) this was achieved by removing the recorded vehicle velocity from 
the longitudinal velocity measurements made by the probes. This procedure was done prior to the 
mean yaw and pitch angle alignment as the mean direction of the wind was not necessarily in the 
direction of travel. 
4.3.1.4 Mean Yaw and Pitch Angle Alignment 
Due to the continually changing nature of the natural wind it is impossible to align the probes such 
that they perfectly aligned with the time-averaged wind direction. It is also unnecessary as the data 
can be manipulated in post-processing to align the data to the mean flow direction. The 
misalignment is evident in the recorded data as non-zero mean v and w component velocities; the 
alignment is achieved by adding the mean v and w component velocities to the u component 
(equation [4-1]) and subtracting the mean from the appropriate component as described in 
equations [4-2] and [4-3]. The misalignment does have slight implications to the cross-stream 
measurements as it implies that the 4 probes are not spanned perfectly perpendicular to the 
oncoming wind, see Appendix A.2.1 for a discussion on this potential error.  
                      
[4-1] 
                   
[4-2] 
                  
[4-3] 
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4.3.1.5 Filtering 
As noted in Section 2.3.4 the minimum frequency of interest here is approximately 0.3 Hz. To 
remove the effects of lower frequency fluctuations, a high-pass filter with a cut-off frequency of 
0.1Hz was applied to all data in post-processing. A second order Butterworth filter was used. 
4.3.1.6 Calculation and Smoothing of Spectra 
Spectral plots of the approaching wind were calculated using the Welch’s method (Welch 1967) 
function included in the Matlab signal processing toolbox. Using this method the signal is split up 
into 8 overlapping segments which have a Hamming window function applied to them to reduce 
spectral leakage. The periodogram of individual windowed segments is calculated and the ensemble 
average of the 8 segments is calculated which reduces the variance in the energy per frequency bin 
calculations. To reduce the variance further, octave band averaging was applied to the spectra. 
4.3.1.7 Calculation of Structure Functions 
The stream-wise structure functions were calculated under the assumption of Taylor’s Hypothesis 
(see section 2.3.3). This allows measurements recorded in the time domain to be converted into the 
space domain simply by multiplying the time interval between each measurement by the mean 
velocity of the flow. A looping Matlab script was used to calculate the difference between each 
velocity measurement, then the difference between every second measurement, every third and so 
on up to the desired spatial distance between points. The structure function is then the variance of 
each of those differences. 
Multiple probes are required to obtain cross-stream structure functions. Probes were mounted as 
described in Section 4.1.1 and sampled simultaneously. From the resulting four data sets it is 
possible calculate 6 points of the structure function (Figure 4-24). Three points can be obtained 
using the data of adjacent probes at the inter-probe spacing, two from probes spaced at twice the 
inter-probe spacing and one from the outer probes at thrice the inter-probe spacing. By definition a 
7th point at the origin can be inferred as the difference between two points separated by a distance 
of zero is zero. See Figure 4-24 for an example. By spacing the probes equally there is are multiple 
measurements of the structure function at two r values which provides some insight into the 
repeatability of the structure function magnitudes in each measurement set. 
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Figure 4-24 – Probe spacing and the corresponding points on the structure function plot 
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5 Results 
5.1 Variations in the Wind of Frequencies Lower than 0.1 Hz 
As noted in Section 2.3.4 the main concern of this research is fluctuations in the natural wind of 
frequency 0.1 Hz or greater. Fluctuations at these rates will invoke a dynamic response by an MAV of 
the size defined previously (b < 1 m). From the plot by van der Hoven (1957) shown in Figure 5-1 it is 
clear that there is significant energy in fluctuations of frequencies lower than 0.1 Hz (360 cycles/hour) 
(N.B. The van der Hoven spectrum is based on winds at a height of approximately 100 m and hence 
the energy distribution at a lower altitude is likely to be shifted to the higher frequencies). While 
these lower frequency fluctuations can be treated as quasi-steady, there are still some necessary 
considerations with respect to MAV flight that need to be made and are discussed in the following 
section. 
 
Figure 5-1 – Spectrum of wind, cropped to show only the micro-meteorological range (van der Hoven 1957) 
 
5.1.1 Mean Wind Velocities 
The following three graphs show the distribution of mean wind velocity calculated every 10 s 
throughout the testing period. The red line indicates the mean wind velocity over the whole testing 
period. These data are calculated prior to the 0.1 Hz high-pass filter being applied. 
0.1 Hz 
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Figure 5-2 – 10s mean wind speed distribution measured at L1 
 
Figure 5-3 – 10s mean wind speed distribution measured at L2 
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Figure 5-4 – 10s mean wind speed distribution measured at L3 
The graphs show that the spread of wind velocities over the quasi-steady frequency range are for all 
cases approximately ±2 standard deviations (1 m/s) from the overall mean wind velocity. These low 
frequency fluctuations are presented as a reminder that the mean wind speed is only a very limited 
indicator of the wind environment. Wind speeds of magnitude 50% greater (and smaller) than the 
mean are common in all environments presented here. These fluctuations are unlikely to cause 
problems in the dynamic control of aircraft however they will need to be reacted by increased power, 
increased angle of attack, sideslip, etc. in a quasi-steady manner to maintain the desired flight path. 
5.1.2 Turbulence Intensities 
Similar to the mean velocity histograms, a histogram of the turbulence intensities is also presented 
for each location. The turbulence intensities are calculated over 10 second periods. 
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Figure 5-5 – 10s averaged turbulence intensity distribution measured at L1 
 
Figure 5-6 – 10s averaged turbulence intensity distribution measured at L2 
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Figure 5-7 – 10s averaged turbulence intensity distribution measured at L3 
The turbulence intensity histograms for both open terrain locations show similar features in regards 
to their distribution. The plots show that turbulence intensities of over double the mean turbulence 
intensity for each location occurred approximately 1-2% of the time and turbulence intensities of 3 
times the mean were recorded over a 10s period. 
For the city terrain location (L3) the distribution of turbulence intensities is much wider. There is also 
no peak about the mean, rather a plateau over the range 10 to 15%. The maximum turbulence 
intensity relative to the mean turbulence intensity is significantly greater than the open terrain 
measurements at over 3.5 times the mean value and reaching a value of 68%. Similar to the velocity 
histograms these plots illustrate the variability of the turbulence intensity over a period of time. All 
plots here are generated from a number of short (1-5 minute) measurements taken in the same 
location over the period of at least one hour and up to two hours. It is difficult to compare the 
turbulence intensity values recorded in city and suburban terrain with previous literature, namely 
ESDU (1993a), as there are no data in the literature at the low heights measured here. 
5.1.3 Relationship between Turbulence Intensity and Wind Velocity 
The correlation of turbulence intensity and mean wind velocity presented in Figure 5-8 for the open 
terrain shows that the two quantities appear nominally independent. Results from both open 
locations show relatively consistent turbulence intensities over a wide range of mean wind velocities 
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as is expected from previous literature discussed in Section 2.3.1. This is in contrast to the results 
from the city/suburban terrains of L3 and L4 where the results of L3 show a negative correlation and 
the results from L4 show a positive correlation. While both correlations are low in that the scatter is 
large, the coefficients of a linear best fit for both sets of results would be large. This is at odds with 
the general theory that the turbulence intensity remains relatively constant with mean wind velocity 
as discussed in Section 2.3.1. However this theory is generally made with respect to higher wind 
speeds. It is likely that these discrepancies are a result of thermal activity which can significantly 
affect the lower frequencies of turbulence as is discussed in Section 2.3.5.  
 
Figure 5-8 – Turbulence intensity vs. mean velocity (10s averaged) for L1 & L2 
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Figure 5-9 – Turbulence intensity vs. mean velocity (10s averaged) for L3 & L4 
5.1.4 Summarising the Potential MAV Flight Cconditions 
A common question from MAV designers is for what range of turbulence conditions should an MAV 
be designed for? (Watkins et al. 2006). From the results thus far an attempt to answer this question 
in terms of the mean wind speed and the turbulence intensity will be given. The remaining results 
sections will then detail the temporal and spatial structure of the flow.  
First it is necessary to provide some assumptions about the typical flight path of an MAV: 
 Launch of the vehicle will be from a relatively open type terrain. 
 The UAV will climb from the launch location to a height that is above local obstacles and fly 
to the surveillance location (typically 20 m). 
 The surveillance location is located in a complex city / suburban type terrain and the height 
required for the flight is relatively low (2 to 10 m). 
 There is no requirement for the UAV to fly extremely close to structures or other 
obstructions. 
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Figure 5-10 – Typical height of MAV flight segments 
With reference to Figure 2-2, it is known that the mean wind speed can vary from zero in calm 
conditions to high values in rare but extreme weather conditions. An MAV as defined in this 
document will not be designed to fly in extreme weather conditions but will instead be rated to fly in 
wind speeds of up to a certain value. The maximum wind speed of a flight will almost certainly be 
encountered at the highest altitude of the flight.  
Taking a nominal MAV cruise speed of 15 m/s, a mean wind speed of approximately 10 m/s would 
be reasonable. If the MAV flies at a maximum height of 20 m then this mean wind speed is likely to 
occur at that height. Using the established power law relations between height and mean wind 
velocity the diagram shown in Figure 5-11 can be constructed which gives a crude estimation of the 
mean wind speeds expected at various phases of an MAV flight as defined above when the mean 
wind speed at 20 m is 10 m/s. As can be seen in the histograms of the wind velocity presented here, 
it is important to remember that wind speeds that affect MAVs in a quasi-steady manner will at 
times be greater than the mean wind speed as defined by meteorologists. 
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Figure 5-11 – Mean wind speed variation over a typical MAV flight 
The turbulence intensity profile over the same MAV flight is estimated in Figure 5-12 from a 
combination of the results presented in the histograms in the previous section and prior literature. 
The initial turbulence value for takeoff (and the final value at landing) is the mean value of 
turbulence recorded in open terrain (~10%). As the aircraft gains altitude the turbulence level drops 
to approximately 5% based on a height of 20 m. As the aircraft flies at a constant height into more 
complex terrain the turbulence increases back up to a value of approximately 10 %. On descending 
to the height required for the loitering phase (5 m), the turbulence level increases again to the 
maximum turbulence of the flight. The value for this segment is taken as the mean turbulence value 
recorded in city terrain (~33%) as presented in Figure 5-7. The remainder of the flight mirrors the 
beginning half of the flight. It should be noted that the values used in this plot are extremely rough 
figures defined only as a guide. Data from ESDU (1993a) have been used here at heights other than 
those measured by the author. The variation in turbulence intensity, particularly when recorded 
over a 10s averaging period is high as evidenced in Figures 5-5, 5-6 and 5-7. 
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Figure 5-12 – Turbulence intensity variation over a typical MAV flight (based on 10s averaging period) 
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5.2 Wind Fluctuations of Frequency Greater than 0.1 Hz 
5.2.1 Single Point Measurements with Probe Aligned to the Mean Flow Direction 
Having defined a possible mission and given time-averaged wind velocities and turbulence 
intensities that are likely to be encountered by an MAV on a typical mission, presented in this 
section are the stream-wise spectral characteristics and structure function plots for these conditions. 
5.2.1.1 Longitudinal Spectra 
The longitudinal (u) component spectra measured at each location are presented in Figures 5-13 to 
5-15. The spectral density values have been normalised by dividing by the standard deviation 
squared over the period of each measurement and plotted against wave number to take into 
account the varying mean wind speed in each test. It should be noted that the area under a 
spectrum is equal to the variance and so by dividing the spectra by the variance (standard deviation 
squared) it is expected that the plots will collapse onto a single line. Each plot shows the mean 
spectra for all measurements taken at a particular location. A dashed black line is also plotted as an 
indicative -5/3 exponent, which as noted in Equation [2-15], describes the decay of turbulence from 
lower to higher frequencies or wave numbers in the inertial sub-range. A comparison of the mean 
spectra for each terrain is given in Figure 5-16. The data in this plot is the mean of the data 
presented in the three figures preceding it. 
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Figure 5-13 – Longitudinal spectra of wind velocities measured in open terrain. 
 
Figure 5-14 – Longitudinal spectra of wind velocities measured in city terrain. 
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Figure 5-15 – Longitudinal spectra of wind velocities measured in the presence of local effects. 
 
Figure 5-16 – Comparison of longitudinal spectra from different terrain types. 
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5.2.1.2 Lateral Spectra 
Although for conventional fixed wing aircraft the lateral component is not as detrimental to the 
stability of the flying platform as the longitudinal or vertical (as the profile of the aircraft 
perpendicular to the lateral is low), for some non conventional MAVs (i.e. ducted fans) the profile 
can be much more significant and hence the lateral component fluctuations become more important 
and so are presented here. 
The lateral (v) component spectra measured at each location are presented in Figures 5-17 to 5-19. 
Again the spectral density values have been normalised by dividing by the standard deviation 
squared over the period of each measurement and plotted against wave number to take into 
account the varying mean wind speed in each test. Each plot shows the mean spectra for each 
location of a particular terrain category. An indicative -5/3 exponent is also plotted which as noted in 
Equation [2-15] describes the decay of turbulence from lower to higher frequencies or wave 
numbers in the inertial sub-range. 
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Figure 5-17 – Lateral spectra of wind velocities measured in open terrain. 
 
Figure 5-18 – Lateral spectra of wind velocities measured in city terrain. 
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Figure 5-19 – Lateral spectra of wind velocities measured in the presence of local effects. 
 
Figure 5-20 – Comparison of lateral spectra from different terrain types. 
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5.2.1.3 Vertical Spectra 
The vertical (w) component spectra measured at each location are presented in Figures 5-21 to 
Figure 5-23. The results are processed and presented in a similar manner to the longitudinal and 
lateral spectra. 
  
   
 
95 
 
Figure 5-21 – Vertical spectra of wind velocities measured in open terrain. 
 
Figure 5-22 – Vertical spectra of wind velocities measured in city terrain. 
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Figure 5-23 – Vertical spectra of wind velocities measured in the presence of local effects. 
 
Figure 5-24 – Comparison of vertical spectra from different terrain types. 
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5.2.1.4 Discussion and Comparison of Spectra 
This discussion of the spectra presented here focuses on the presence of a -5/3 decay of turbulence 
and the range of wave-numbers over which it occurs. An indicative -5/3 slope is shown on all plots 
by a thick black dashed line. Also of interest would be the peak of the spectra at low wave-numbers 
which indicates the turbulence length scale, however it is necessary to sample for longer time 
periods than were used here to obtain accurate data at these low frequencies. The shorter sample 
lengths were chosen to reduce the impact of changing wind conditions during each set of 
measurements and in the case of measurements recorded from the probes mounted above a 
moving vehicle was dictated by the length of road available. 
Overall the measurements at all locations show some range over which there occurs a -5/3 slope. 
This is unsurprising and simply indicates that over that range there is a decay of turbulence as 
suggested by MacCready (1953) and others in which energy is passed from large eddies to smaller 
ones and on to smaller ones again with no energy being added over this range or lost to viscous 
effects. The range of the -5/3 decay varies from almost the entire range plotted for the case of the 
measurements at location 3 to a much smaller range in the case of the measurements recorded at 
location 4. 
At location 1 (open terrain) the u component -5/3 decay begins at a wave number of approximately 
0.4 and continues to the maximum wave number plotted. These characteristics are also present in 
the v and w component spectra although the roll off from the -5/3 decay at decreasing wave 
numbers is more pronounced in the w component spectra than in the u and v which is predicted and 
discussed in section 2.3.4. Location 2 (open terrain) shows a -5/3 decay beginning at a lower wave 
numbers than L1. The -5/3 decay region begins at a wave number of approximately 0.5 and 
continues for over 2 decades up to the maximum wave numbers plotted. Similar to the 
measurements from location 1 the w component fluctuations at the lower wave numbers are 
reduced when compared to the u and v component.  
Locations 3 (city terrain) shows the best agreement with the theoretical -5/3 decay and good 
agreement is evident over almost the entire frequency range plotted, at wave numbers of 1 and 
above the spectra shows excellent agreement with the theoretical -5/3 decay. This is reflected in the 
plots of all 3 velocity components. While the initial thought may be that measurements from a city 
type terrain would be expected to show some evidence of the turbulence input from shedding 
around buildings it should be considered that the measurements were taken well away from 
buildings and also while driving at a speed though the terrain. The latter of these is expected to have 
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a smoothing effect on the spectra as structures generating the turbulence at the location of the 
probes are continually changing.  
Locations 4 and 5 show the least agreement to the -5/3 slope when compared to the other locations. 
This is unsurprising due the presence of wakes from local structures and obstructions in the flow 
however it is interesting to note that there is still a small range over which the turbulence shows a -
5/3 decay. 
The collapse of individual curves onto a single curve by dividing the spectral magnitudes by the 
variance of the velocity fluctuations is shown to work well with little difference evident between the 
plots from different terrains shown on the comparison of spectra plots (Figures 5-16, 5-20 and 5-24. 
As noted in section 5.2.1.1 this collapse is expected as the area under the spectrum is equal to the 
variance and therefore by dividing by the variance the area under each spectrum should equal unity. 
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Figure 5-25 – Comparison of longitudinal with lateral and vertical spectra for each location. 
0
0.5
1
1.5
2
0
0.5
1
1.5
2
0
0.5
1
1.5
2
0
0.5
1
1.5
2
0
0.5
1
1.5
2
0
0.5
1
1.5
2
10
-1
10
0
10
1
10
2
10
3
0
0.5
1
1.5
2
10
-1
10
0
10
1
10
2
10
3
0
0.5
1
1.5
2
 
 
E
vv
(x)/E
uu
(x) E
ww
(x)/E
uu
(x) 4/3
   
 
100 
A comparison of u component spectra with the v and w component are given in Figure 5-25. These 
are calculated by taking the mean u, v and w component spectra of all measurements at each 
location and for each location dividing the v and the w component spectra by the u component 
spectra. The ratio of the v and u components is plotted in blue, the ratio of the w and u in red and a 
constant y = 4/3 in a dashed black line. 4/3 is the expected ratio of the lateral to the longitudinal 
spectra in the inertial sub-range; further detail is given in Section 2.3.4. 
It is encouraging to note that for all locations there is a significant range where the ratio between 
the u with the v and w components is approximately 4/3 as predicted in section 2.3.4. In general this 
agreement occurs between the wave numbers of 1 to 100 m-1 indicating the extents of the inertial 
sub-range. At wave numbers below this range the ratios of both the v and w with the u component 
fall rapidly which is consistent with prior literature (Pope 2001) although this is not shown in L5 and 
is most likely the result the turbulence being generated by a local structure. 
From the results plotted here the following equations have been defined to characterise the 
turbulence in open terrain and city terrain. These are valid for the range of measurements here that 
exhibit a -5/3 decay, that being between the wave-numbers of 1 and 100 m-1 which is more than 
adequate to cover the range in sizes of current MAVs. An appropriate value for σu can be chosen by 
considering the turbulence intensity and velocity histograms presented in section 5.1.  
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 Table 5-1 – Spectral estimate coefficients for open and city terrains 
 Open Terrain City Terrain 
   - Longitudinal                                
   - Lateral                                
   – Vertical                               
 
As the values in Table 5-1 show there is very little difference between the non-dimensionalised 
spectra for open or city terrain, as such it seems unnecessary to provide separate spectral equations 
for the terrains. Taking a conservative approach, the city terrain non-dimensionalised spectra should 
be used  
   
 
101 
5.2.1.5 Longitudinal Stream-Wise Structure Functions 
The structure functions are presented along with the spectra as they give an understanding of the 
spatial structure of the flow and can be, with multiple probes, measured in both the stream-wise 
and cross-stream directions (and although not measured in this work the vertical too). The 
knowledge of both the stream-wise and the cross-stream structure of the turbulence is very 
desirable in the testing of aircraft in either a wind tunnel or the digital domain (i.e. CFD) as accurate 
replication of the cross-stream structure is important to generate the correct rolling motions. The 
stream-wise structure functions are presented first and the cross-stream (from simultaneous 
measurements with multiple probes) are presented in the next section. 
The stream-wise longitudinal (u) component structure functions measured at each location are 
presented in Figures 5-26 (open terrain measurements), 5-27 (city terrain measurements away from 
local effects) and 5-28 (city terrain measurements in the presence of local effects). The structure 
functions are calculated by computing the difference in velocity between two spatially separated 
points and then taking the variance of the resulting values. For the stream-wise functions presented 
here measurements from a single probe are used by assuming Taylor’s hypothesis as discussed in 
section 2.3.3. 
The calculation method is further detailed in Section 4.3.1.7. The structure function values 
presented here are non-dimensionalised by dividing by the standard deviation of the u component 
fluctuations. Also presented on each plot in a thick black dashed line is an indicative 2/3 power 
function which, as noted in Equation [2-15], describes the increase in structure function with 
increasing spacing over the inertial sub-range. The range over which the data follows this theoretical 
equation can be easily seen as the data will follow this indicator. 
Each plot shows the average structure function from all measurements at each location. Note that 
all plots are presented with the same scale. 
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Figure 5-26 – Longitudinal stream-wise structure function of wind velocities measured in open terrains. 
 
Figure 5-27 – Longitudinal stream-wise structure function of wind velocities measured in city terrain. 
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Figure 5-28 – Longitudinal stream-wise structure function of wind velocities measured in the presence of local effects. 
 
Figure 5-29 – Comparison of longitudinal stream-wise structure functions from different terrain types. 
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5.2.1.6 Lateral Stream-Wise Structure Function 
The stream-wise lateral (v) component structure functions measured at each location are presented 
in Figures 5-30 to 5-32. The calculation of the structure functions is detailed in Section 4.3.1.7 and 
the values are also non-dimensionalised by dividing by the standard deviation of the velocity 
fluctuations (after application of a high pass filter) during the sampling time. Each data series is the 
average of all structure function measurements at a particular location. A 2/3 power function is also 
plotted as a thick dashed black line. This is plotted so as to easily view the agreement of the 
measured data with the inertial sub-range theoretical equation for structure functions (given in 
Equation [2-15]) where the structure function magnitude is proportional to the separation to the 
power of 2/3. 
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Figure 5-30 – Lateral stream-wise structure function of wind velocities measured in open terrains. 
 
Figure 5-31 – Lateral stream-wise structure function of wind velocities measured in city terrains. 
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Figure 5-32 – Lateral stream-wise structure function of wind velocities measured in the presence of local effects. 
 
Figure 5-33 – Comparison of lateral stream-wise structure functions from different terrain types. 
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5.2.1.7 Vertical Stream-Wise Structure Function 
The stream-wise vertical (w) component structure functions measured at each location are 
presented in Figures 5-34 to  5-36. The calculation and presentation of results is identical to that of 
the longitudinal and lateral stream-wise structure functions. 
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Figure 5-34 – Vertical stream-wise structure function of wind velocities measured in open terrains. 
 
Figure 5-35 – Vertical stream-wise structure function of wind velocities measured in city terrains. 
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Figure 5-36 – Vertical stream-wise structure function of wind velocities measured in the presence of local effects. 
 
Figure 5-37 – Comparison of vertical stream-wise structure functions from different terrain types. 
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5.2.1.8 Discussion of Stream-wise Structure Functions 
In discussing the structure functions the main area of interest is the closeness of the gradient of the 
data to the theoretical 2/3 power law that is expected for a structure function over the inertial sub-
range. In the plots presented, this will be evidenced by a region over which the gradient of the 
plotted data is equal to that of the 2/3 power function given on each plot. In general the results for 
locations 1, 2 and 3(a-d) show good agreement to 2/3 power law over the range of separations 0.05 
m to 1 m. Measurements at locations 4 and 5 have considerably poorer agreement, for which the 
growth rate is lower than 2/3.  
At location 1 (open terrain) the magnitudes of the structure functions are small. In all three 
orthogonal directions there is a lower gradient over the whole range plotted which appears to be 
asymptoting towards the 2/3 power. This is most evident in the vertical and lateral measurements 
and much less in the longitudinal plot. Similar features can be seen in the measurements from 
location 2 (open terrain) although the agreement to the 2/3 power is closer. This is very evident in 
the vertical measurements where the gradient is constant over the whole range. The longitudinal 
and lateral measurements show very similar gradients over the range of the plots. Due to the 
proximity of the ground, which provides a physical boundary to the turbulence and hence limits the 
size of the turbulence in the vertical direction, the vertical measurements may be slightly reduced 
from what they would otherwise be when well away from such a boundary. 
Overall the collapse of the measurements from open terrain locations by non-dimensionalising by 
the square of the standard deviation works well. This is despite substantially different wind velocities 
at the two locations (≈5 m/s at location 1 as compared to ≈9 m/s at location 2) and somewhat varied 
topography and fetch. This is in contrast to the measurements in city terrain where measurements 
were all conducted in the same general area and with very similar wind conditions and indicates that 
local terrain plays a large factor in the magnitude of the structure function when the measurements 
are being recorded in the roughness layer. Location 3a, at which the lowest measured structure 
functions were recorded for city terrain, were measured on a much wider road as compared to the 
locations 3b, 3c and 3d (≈40-50 m to 15-20 m). Thus measurements there were recorded slightly 
further away from turbulence generating structures and as such the turbulence would be expected 
to be in a more decayed state. Locations 3 b, c and d were all recorded on streets of roughly the 
same width and with buildings of roughly the same height lining the streets. As such the reason for 
the large difference in magnitudes between these three locations is not obvious. In general all 
measurements from location 3 (a-d) show a large range over which the growth rate of the structure 
function follows the 2/3 power law closely. 
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Locations 4 and 5 (city terrain in the presence of local effects) show the poorest agreement with the 
2/3 power function. Both exhibit a lower gradient over the whole range (excluding very close 
spacings). Measurements at location 4 appear to be asymptoting as the separations increase 
however location 5 displays a constant negative gradient. There is also significant variation in the 
magnitude of the structure functions which gives some insight into the significance of the local 
effects on the structure function. It should be noted that very few individual measurements were 
able to be recorded at these location due to reasons outlined in section 4.2.1 and thus these data 
are presented purely to give an insight into the effect local structures can have on the turbulence 
and are not discussed in any detail. 
One further point of interest is the behaviour of the structure functions at low separations (< 0.05 
m). For Locations 1, 2 and 4 the gradient is quite low in comparison to the gradient over the 
remainder of the range while for measurements at locations 3 (a-d) and 5 the opposite is true. While 
plots of structure functions of real data are rare in literature those found in Werne & Firitts (2000) 
and Pope (2001) both show higher gradients at small separations as the turbulence enters the 
dissipative range. The measurements in this work showing higher gradients at low separations were 
all recorded by moving the probes through the air by mounting them on a vehicle while the 
measurements showing negative gradients were recorded from probes fixed relative to the ground. 
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Figure 5-38 – Comparison of longitudinal with lateral and vertical stream-wise structure functions for each location. 
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A comparison of the longitudinal with the lateral and the vertical stream-wise structure functions is 
shown in Figure 5-38 for each location. These are calculated by dividing the mean lateral and vertical 
structure functions by the mean longitudinal structure functions at each location. Also plotted is a 
constant y = 4/3 in a dashed black line. 4/3 is the expected ratio of the lateral and vertical to the 
longitudinal in the inertial sub-range of turbulence. Further detail on this is given in Section 2.3.4. 
While all the ratios tend to a constant value at a spacing of approximately r = 0.05 and greater there 
is considerable variation on the magnitude of the ratio over the 4 locations. The ratios of the v and w 
components with the u component at location 1 both exceed the predicted 4/3 value slightly with 
the v/u ratio levelling at 1.6 and the w/u ratio reaching almost 1.5. Similar to the spectral ratios 
shown in Figure 5-25 the v/u ratio is greater than the w/u; this trend is shown at locations 2 and 4. 
As suggested in the discussion following the spectral ratios this is likely a result of the presence of 
the ground affecting the size of the vertical fluctuations. 
The ratios of the v and w components with the u component at location 2 show a large difference 
between the two plotted lines. The ratio with the v component plateaus close to the theoretically 
predicted ratios at approximately 1.2 while the w ratio is much lower at approximately 0.75. The 
values (and hence the difference between them) mirrors what was seen in the spectral ratios of the 
same location. Similar results are shown for location 4 although the magnitude of these ratios here 
are slightly higher at 1.35 (and exactly equal to the theoretical relationship) and 0.85 for the v and w 
ratios respectively. Location 5 exhibits a much more unsteady relationship between the 3 
components, particularly between the u and v components. 
Location 3 measurements show good agreement to the 4/3 speculative ratio with both the v and w 
ratios levelling at approximately 1.25 for all locations. Overall, when considering all locations, the v 
component ratios show excellent agreement with the 4/3 ratio. The w component ratios however 
show significant variation with location for the most part do not agree well with the 4/3 ratio 
predicted for the inertial sub-range of turbulence. 
In Section 2.3.3.3 a series of equations were presented that can be used to predict the structure 
functions in the inertial sub-range. These are presented again below for convenience, the dissipation 
rate was not measured in these tests and as such the Constants C2 and C2’ cannot be calculated. In 
this work the structure functions were normalised by dividing by the standard deviation of the 
velocity fluctuations squared and a second equation for each direction is also presented to make use 
of these. 
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In Table 5-2 the constants A1, A2 and A3 as calculated from the graphs presented previously in the 
section are given. With these constants an approximation of the structure function for both open 
and city terrains can be calculated using the equations in [5-4], [5-5] and [5-6]. The values given are 
the average of all measurements taken in the terrain type. As the measurements in the open terrain 
were close for both locations and the approximation it is likely to be valid for most other open 
terrain location. The city terrain locations showed some variance in magnitude and thus the values 
are presented along with the variation found in the measurements. Constants are not given for the 
measurements taken in local effects as these are very specific to the location they were measured 
and are of little use as a generalisation. 
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Table 5-2 – Stream-wise structure function constants for open and city terrains 
 Open Terrain City Terrain 
    - Longitudinal                            
    - Lateral                             
    - Vertical                           
 
 
  
   
 
115 
5.2.2  Multipoint Measurements from Laterally Separated Probes  
5.2.2.1 Longitudinal Cross-stream Structure Functions 
The cross-stream structure functions together with the stream-wise structure functions allow a 2-
dimensional plane of turbulence to be described. While measurements of the vertical structure 
functions would allow the third dimension to be explored too, the vertical profile of aircraft for the 
general case is low in comparison to the lateral and longitudinal and is of less importance and thus 
was not measured. The cross-stream structure functions are presented here following the 
presentation of the stream-wise structure functions in the previous section. 
The cross-stream longitudinal (u) component structure functions measured at each location are 
presented in Figures 5-39 to 5-41. The structure functions the result of computing the variance of 
the difference in velocity between two points separated by a distance (r) as outlined in section 
4.3.1.7. These measurements are recorded by utilising multiple probes spanned horizontally across 
the oncoming wind. By utilising four equally spaced Cobra probes measurements at three unique 
spatial separations was possible, the distance between adjacent probes, between alternate probes 
and between the outer probes while also giving some measure of repeatability in that there are 
three pairs of probes measuring at the lower spacing and two measuring the intermediate spacing. 
In measurements presented for locations 1 and 2 structure function values are given for more than 
three separations. This was achieved by sampling the oncoming wind at three different inter-probe 
separations. In doing so there was a time cost of changing the probe separations during which time 
the wind conditions may have changed slightly. Thus measurements for separations of 15, 30 and 45 
mm may have been recorded in conditions different to those measured at 50, 100 and 150 mm and 
different again to the measurements at 150, 300 and 450 mm. 
As with the stream-wise structure functions the values are non-dimensionalised by dividing by the 
mean velocity at the time of recording. An indicative 2/3 power function is also plotted which, as 
noted in Equation [2-15], describes the increase in structure function with increasing spacing over 
the inertial sub-range. The range over which the data follows this theoretical equation can be easily 
seen as the data will follow the gradient of this indicator. 
Each plot shows the average structure function values for each spacing (r) from all measurements at 
each location. Note that all plots are presented with the same scale. 
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Figure 5-39 – Longitudinal cross-stream structure function of wind velocities measured in open terrains. 
 
Figure 5-40 – Longitudinal cross-stream structure function of wind velocities measured in city terrains. 
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Figure 5-41 – Comparison of longitudinal cross-stream structure functions from different terrain types. 
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5.2.2.2 Lateral Cross-stream Structure Functions 
The cross-stream lateral (v) component structure functions measured at each location are presented 
in Figures 5-42 to 5-44. The structure functions are calculated using the method outlined in section 
4.3.1.7. As with the stream-wise structure functions the values are non-dimensionalised by dividing 
by the mean velocity at the time of recording. Each plot shows the average structure function values 
for each spacing (r) from all measurements at each location. 
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Figure 5-42 – Lateral cross-stream structure function of wind velocities measured in open terrains. 
 
Figure 5-43 – Lateral cross-stream structure function of wind velocities measured in city terrains. 
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Figure 5-44 – Comparison of lateral cross-stream structure functions from different terrain types. 
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5.2.2.3 Vertical Cross-stream Structure Functions 
The cross-stream vertical (w) component structure functions measured at each location are 
presented in Figures 5-45 to 5-47. The calculation and presentation of results is identical to that of 
the longitudinal and lateral cross-stream structure functions. 
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Figure 5-45 – Vertical cross-stream structure function of wind velocities measured in open terrains. 
 
Figure 5-46 – Vertical cross-stream structure function of wind velocities measured in city terrains. 
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Figure 5-47 – Comparison of vertical cross-stream structure functions from different terrain types. 
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5.2.2.4 Discussion of Cross-stream Structure Functions 
The calculation of the cross-stream structure functions is different to the stream-wise in that, for 
individual measurements, values for only 3 different separations are measured in each recording, 
(those separations being the distance between each adjacent probe, twice that distance and three 
times that distance as shown in Figure 4-24). Where there are more than 3 unique separations in a 
cross-stream structure function plot, locations 1 and 2, to obtain the extra data points the mast and 
probes have been taken down and reconfigured to a new inter probe spacing. This took a small 
amount of time (roughly 2 – 3 minutes) and as such there is a time delay between different sets of 
measurements at these locations. This goes some way to explaining the irregular shape of the plots. 
Measurements at location 1 (open terrain) show a good agreement with the 2/3 power function 
over the range of 0.05 m and above. Measurements below 0.05 m are consistently higher in 
magnitude for the longitudinal and the vertical directions. These three points were measured 
simultaneously and there was a delay between measuring these three points and the next three 
data points as outlined in the previous paragraph. A change in wind conditions (change in direction 
of approximately 20 degrees, no change in velocity) is the most likely cause of the discontinuity here. 
Location 2 measurements show more scatter over the whole range plotted but overall follow the 
slope of the 2/3 power curve well. 
Location 3 (a – d) (city terrain) results show excellent agreement with the predicted curve. The range 
of the data is limited to just 3 cross-stream separations due to being unable to adjust the spacing of 
the probes while mounted on top of the vehicle while in the location of testing. Some insight into 
the behaviour of the structure functions can be gained by looking at the stream-wise plots as 
presented in section 5.2.1.5, 5.2.1.6 and 5.2.1.7. These plots show that the stream-wise structure 
functions (calculated from the same measurements) continue to grow at a rate of 2/3 up to at least 
a separation of 0.5 m and in some cases to beyond 1 m. This growth rate indicates turbulence which 
is in the inertial sub-range of which by definition (see section 2.3.4) is the range in which the 
turbulent eddies have decayed such that they exhibit local isotropy. As the data fits the 2/3 power 
curve so well it is felt that an assumption that the data will continue to follow this growth rate up to 
at least 0.5 m as seen in the stream-wise measurements is well justified. 
No data are presented from locations 4 and 5 here as only single point measurements were obtained 
at these locations. 
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Figure 5-48 – Comparison of longitudinal with lateral and vertical cross-stream structure functions for each location. 
From the comparison of the longitudinal with the lateral and the vertical cross-stream structure 
functions, as with the stream-wise structure functions, the ratios should be equal to 4/3 (shown by a 
thick dashed black line) over the range that the turbulence is said to be in the inertial sub-range. As 
the figure above shows, the data is extremely close to this value for all locations except location 2 
which is both scattered and in the case of the vertical component drastically lower than 4/3. It is 
unclear why this is the case and may simply be a peculiarity of the flow at the time. 
The results presented for the comparison of the longitudinal structure functions with the lateral and 
vertical structure functions for cross-stream separations displays extremely similar results to that of 
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the stream-wise comparison (Figure 5-38). This further strengthens the assumption of local isotropic 
conditions up to at least 0.5 m and the prediction of the data trends at location 3(a-d). 
A series of equations have been created to fit the data presented in this section. These equations 
can be used to estimate the cross-stream structure functions of turbulence over the range of 
separations of 0.05 m to at least 0.5 m which covers the range of turbulence relevant to MAVs. 
These equations along with those for the stream-wise structure functions presented in section 
5.2.1.8 and for the turbulence spectra presented in section 5.2.1.4 can be used as a guide when 
creating turbulence for the testing of MAVs in wind tunnels or in a computational analysis. 
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Table 5-3 – Cross-stream structure function constants for open and city terrains 
 Open Terrain City Terrain 
    - Longitudinal                             
    - Lateral                            
    - Vertical                           
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5.2.3 Relationship between the Stream-wise and Cross-stream Measurements 
The final comparison of results is between the stream-wise and cross-stream structure functions. 
The following figures (Figures 5-49 to 5-54) show the average cross-stream and stream-wise 
structure functions for each velocity component from each location. The first plot in each figure is a 
comparison of the longitudinal components, the second the lateral and lastly the third is a 
comparison between the vertical stream-wise and cross-stream structure functions. The solid red 
lines are the stream-wise structure functions and the blue points are the cross-stream structure 
functions. The values for both are the mean values from each location. The black dashed line is the 
stream-wise structure function multiplied by 4/3. From equation [2-26], this is the predicted 
relationship between the stream-wise and the cross-stream structure functions, i.e. the blue points 
should lie on the dashed black line if the measurements conform to the inertial sub-range theory. 
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Figure 5-49 – Comparison of stream-wise and cross-stream structure functions from L1 (open terrain). 
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Figure 5-50 – Comparison of stream-wise and cross-stream structure functions from L2 (open terrain). 
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Figure 5-51 – Comparison of stream-wise and cross-stream structure functions from L3a (city terrain). 
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Figure 5-52 – Comparison of stream-wise and cross-stream structure functions from L3b (city terrain). 
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Figure 5-53 – Comparison of stream-wise and cross-stream structure functions from L3c (city terrain). 
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Figure 5-54 – Comparison of stream-wise and cross-stream structure functions from L3d (city terrain). 
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As noted at the start of this section the ratio between the cross-stream and stream-wise structure 
functions over the inertial sub-range of turbulence can be calculated to be 4/3. As such the 
discussion of these results is focussed on how close the cross-stream measurements (blue data 
points) match with the dashed black line which is 4/3 of the stream-wise measurements (red solid 
line).  
Beginning with location 1, the results show good agreement to the 4/3 ratio for the lateral 
component however the lateral and vertical are a poorer fit. The first three data points for the cross-
stream results also appear disjointed with respect to the other 5 points. As noted in previous 
sections this is likely due to changing atmospheric conditions between the testing of different inter-
probe spacing. At location 2 the cross-stream measurements are much more scattered over the 
whole range of separations however the results are generally in reasonable agreement with the 
theoretical which may be a result of the slight shift in wind direction during testing. 
Measurements from the city terrain locations show similar trends across all for locations in that the 
ratio of the cross-stream to stream-wise for the longitudinal component is greatest, followed by the 
vertical component and the lowest ratio is for the lateral component. At location 3a and 3b the 
longitudinal ratio is almost exactly 4/3. For locations 3c and 3d this value drops slightly to 
approximately 1.2. For the vertical component results show that at locations 3a and 3b the ratio is 
greater than 1 and again this value drops for locations 3c and 3d to approximately unity. The lateral 
results have a ratio equal to or slightly reduced from unity for all 4 urban locations. 
Overall the ratio of the cross-stream to the stream-wise measurements from all locations is in 
reasonable agreement to the theoretical 4/3 ratio in both the longitudinal and vertical directions. 
The lateral velocity component is less in agreement with the ratio between the cross-stream to the 
stream-wise approximately 1 or even slightly below. If the turbulence is envisaged as a series of 
eddies then this information helps in gaining an understanding of the relative size of the eddies in 
the stream-wise and cross-stream directions.  
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6 Brief Considerations of MAV flight in the Measured Winds 
6.1 MAV flight in a Non-Hovering Condition 
The statistical representations of turbulence presented in the previous chapter are the conditions 
that would be expected when observed from a fixed point relative to the ground. This condition is 
representative of an MAV hovering with respect to the ground, which of the infinite possible flight 
conditions, is one of the more challenging and requires significant control input to keep straight and 
level.  
The flight of an MAV through turbulence can be considered in two parts. Firstly the angle at which it 
flies relative to the mean wind direction and secondly the velocity at which it flies relative to the 
mean wind speed. The vector diagram in Figure 6-1 illustrates the definition of both the flight angle 
relative to the mean wind and the mean flight velocity relative to the air for a given mean wind 
speed and mean flight velocity relative to the ground. Note also the locus of the possible mean wind 
directions given that the wind can approach from any direction. 
 
Figure 6-1 – Vector diagram for MAV flight 
When considering the flight angle of an MAV relative to the wind it is assumed the aircraft is not 
sideslipping relative to the air (no rudder input), thus is in sideslip relative to the ground. This means 
the longitudinal axis of the aircraft remains parallel to the mean flight velocity relative to the air. 
Such an assumption along with the knowledge from the previous chapters that local isotropy occurs 
for the frequency range of interest makes this a simple case to consider. 
It has been noted previously that the turbulence induced roll is the most significant limiting factor 
for MAV flight in turbulence and as such the magnitude of the turbulent fluctuations across the wing 
span is of most interest here. Thus the question “how does the turbulence experienced by the 
aircraft change as the flight angle with respect to the wind is varied?” can be simplified to “how does 
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the turbulence across a span vary as the span is rotated from a cross-wind condition to an along-
wind condition”. The answer to this, as was presented in section 5.2.3, is that the structure functions, 
and hence the magnitude of the turbulent fluctuations of interest, are greatest in the cross-wind 
condition and reduce as the angle is increased to a stream-wise condition. Therefore the most 
debilitating turbulence condition, assuming only the flight angle relative to the mean wind condition 
is varied, is encountered when flying directly into or with the mean wind direction. Flying at an angle 
to the wind will result in slightly lower turbulence conditions. 
The effect of an additional vehicle velocity on top of the mean wind velocity has been investigated 
before in relation to road vehicles (Cooper & Watkins 2007; Watkins, Saunders & Hoffmann 1995; 
Wordley & Saunders 2009). The findings of Cooper and Watkins (2007) are of most relevance here 
and a plot from their paper is shown in Figure 6-2. The plot shows that two things change as the 
vehicle velocity is increased. There is a frequency shift which causes an increase in energy at higher 
frequencies and conversely the energy content at the lower frequencies is reduced. The area under 
the curves remains constant as the variance of the velocity fluctuations is not changed by the 
additional velocity component. 
 
Figure 6-2 – Effect of driving velocity on turbulence power spectrum (Cooper & Watkins 2007). 
The reduction in energy at low frequencies is of less concern to the flight of MAVs as this occurs at 
frequencies lower than the minimum frequency of interest for this work and can be assumed to be 
quasi-steady. Of more interest is the increase in energy at high frequencies which suggests that an 
increase in the mean flight velocity will increase the magnitude of the turbulent fluctuations over 
the frequency range of interest. This occurs as the turbulent velocity fluctuations the aircraft is 
encountering are being compressed in the time domain by the added vehicle velocity component, 
shifting the whole spectrum to the right. This is illustrated in Figure 6-3 where the same spectra as in 
Figure 6-2 are presented albeit in a dimensionless form which clearly shows the frequency shift. 
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Figure 6-3 – Effect of driving velocity on dimensionless turbulence spectrum (Cooper & Watkins 2007). 
The discussion here has not considered the dynamic motion of the aircraft as it encounters the 
turbulence as such a topic is extremely complex and far beyond the scope of this work. Instead this 
discussion assumes that the aircraft is able to maintain straight and level flight despite the 
turbulence. 
6.2 Estimating the Roll of an MAV in the Measured Winds 
The structure of the turbulence relevant to MAV flight has been described in the previous chapter 
and this structure can be used to generate correctly scaled turbulence in a wind tunnel facility or 
CFD domain to allow the testing of MAVs in “repeatable atmospheric turbulence”. This can be 
challenging and it is unlikely that the previously defined characteristics for all 3 velocity components 
are able to be reproduced accurately together in both the stream-wise and span wise directions. 
With this in mind in the following section the relative importance of accurately generating correctly 
scaled turbulence in each of the velocity components will be considered. As noted from literature, 
rolling motions resulting from the turbulence are the most disruptive of the 6 forces and moments 
and will be the focus here. 
For a fixed wing aircraft a rolling moment is primarily created when there is a difference in lift across 
the span of the aircraft. From the basic lift equation the two variables that are affected by 
turbulence are the velocity magnitude (V) and the angle of attack (α).  Note that V here is used to 
denote the velocity of the aircraft with respect to the air and as such is the sum of the aircraft 
ground speed and the wind velocity. 
   
 
 
             
[6-1] 
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Using the data recorded by the 4 probes spanning the wind it is possible to estimate the potential lift 
for an aerofoil section at each probe location (see Figure 6-4). The difference between the potential 
lift across different spans can then be calculated giving an indicator of the magnitude of the rolling 
moment that would result from the turbulence conditions. This analysis uses the strip theory model 
and is therefore subject to the same limitations, namely: 
 A steady state condition for each calculation (or alternatively the lift force can be thought to 
act instantaneously such as on an infinitely small aerofoil chord.) 
 The frequency response characteristics of a real aerofoil are not considered. 
 The lift curve is taken to be linear 
 The effects of viscosity are ignored (i.e. boundary layer state, separation bubbles, ect. are 
not considered). 
 No three-dimensional effects of either the turbulence or the aerofoil interaction with the air 
are considered. 
As such the results from the analysis should not be applied to real finite span aircraft without these 
limitations being born in mind.  
 
Figure 6-4 – 4 probe data used to calculate lift over a span 
Torres & Mueller (2004) studied the performance of aerofoils at low Reynolds numbers and for a 
typical MAV type wing defined the lift curve slope of  
         
[6-2] 
This analysis requires the assumption of a wing loading and a velocity (velocity of aerofoil with 
respect to the air). Typically values of 10 N/m2 and 7 m/s for the wing loading and the velocity 
respectively (Mueller 2007) although the effect of assuming different values will be considered at a 
later stage. An angle of attack is calculated from the velocity and wing loading (see equations [6-3] 
and [6-4]). This is the mean angle of attack that the aerofoil would need to maintain at the velocity 
noted to achieve the mean wing loading desired. 
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[6-4] 
Instead of using both the fluctuating u and w components at once to calculate the fluctuating lift 
values only one will be used at a time so as to explore the contribution of both components to the 
lift fluctuations. First the fluctuating u component with mean subtracted and assumed relative 
velocity added is used with the cruise angle of attack as in equation [6-5]. This gives 
  
 
, the 
fluctuating lift per unit area resulting from only the fluctuating u component velocity and ignoring 
fluctuations in the v and w components. The process is repeated for the w component fluctuations, 
these fluctuations effect on the angle of attack as can be seen in equation [6-6]. This gives 
  
 
, the 
fluctuating lift per unit area resulting from only the fluctuating u component velocity and ignoring 
fluctuations in the v and w components. 
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[6-6] 
After applying this process to the data from each of the 4 probes, the structure function analysis can 
be applied to this data (see equations [6-7] and [6-8]).  Instead of a velocity structure function, it will 
produce a “potential lift” structure function which will give an indication of the roll inputs from the 
turbulence as a function of the distance (y) between the points of measurement. 
      
 
 is used to 
denote the structure function in a cross-stream direction resulting from looking at the difference in 
lift per unit area (
  
 
) values.  Similarly 
      
 
 denotes the cross-stream structure function from the 
difference in 
  
 
 values. 
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[6-8] 
It was found in Section 5.2.3 that the cross-stream fluctuations are of greater magnitude than the 
stream-wise. This means that the an aircraft flying into the wind will experience higher level of 
turbulence that is likely to cause rolling moments than the same aircraft flying perpendicular to the 
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wind in the same conditions. While no information quantifying the structure function magnitudes at 
the intermediate angles between parallel and perpendicular to the wind direction it is logical to 
assume that the cross-stream case is the maximum and the stream-wise, the minimum. With this in 
mind only the cross-stream (y) case needs to be considered here as it will be the most critical. 
The lift structure functions were calculated based on the data from location 1 (open terrain) and also 
from location 3 (city terrain) and the results are presented in Figures 6-5 to 6-8. The graphs are 
presented such that results from individual measurements are marked with blue circles and red 
squares are used to denote the average of all measurements at each probe separation value. 
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Figure 6-5 –Variation of cross-stream lift difference from u component fluctuations (open terrain). 
 
Figure 6-6 –Variation of cross-stream lift difference from w component fluctuations (open terrain). 
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Figure 6-7 –Variation of cross-stream lift difference from u component fluctuations (city terrain). 
 
Figure 6-8 –Variation of cross-stream lift difference from w component fluctuations (city terrain). 
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The resulting plots of the lift structure function analysis exhibit a similar shape to the velocity 
structure functions which is unsurprising considering the method of calculation. The exact values of 
the lift structure functions are of little value on their own due to the number of assumptions and 
simplifications made however they can be compared one with another to gain an understanding of 
the contribution of lift at two cross-stream locations (and hence potential roll inputs) from the 
different components. 
On comparing the magnitudes of the w component with the u component it is immediately obvious 
that the magnitudes for the w component are significantly larger, of the order of 100 times. This is 
compelling evidence that the w component, for the conditions stated (velocity relative to the air of 7 
m/s and wing loading of 10 N/m2), is much more significant in producing rolling disturbances for an 
aerofoil6. To illustrate this further the ratio of the w component and the u component was calculated 
and the results presented in Figures 6-9 and 6-10, the higher the value in these plots the more 
significant the w component is. These plots show that while the ratio varies for individual 
measurements by some magnitude the values remain above 80 in almost all cases. In the 
measurements at location 1 the results indicate that the ratio decreases at the lower inter-probe 
spacing. The reduction is only slight and is not enough to cause the u component fluctuations to 
become significant.  
 
                                                          
6
 This has also been published in the Aeronautical Journal (Thompson et al. 2011) 
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Figure 6-9 –Ratio of cross-stream lift difference from w component to u component fluctuations (open terrain). 
 
Figure 6-10 –Ratio of cross-stream lift difference from w component to u component fluctuations (city terrain). 
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As noted, the previous analysis was conducted based on a an aerofoil travelling at a velocity of 7 m/s 
relative to the air with a mean wing loading of 10 N/m2. Using different values for either the wing 
loading or velocity will produce different results and a different ratio between the u and w 
components. Changes to the wing loading will alter the angle of attack as calculated in equation [6-3] 
only while changes to the velocity affect both the angle of attack and the lift fluctuations. Reducing 
the wing loading or the flight velocity would increase the influence of the longitudinal velocity 
fluctuations relative to the vertical however when limiting these to realistically achievable values for 
an MAV type aircraft the vertical fluctuations remain vastly significant in all cases. 
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7 Concluding Remarks and Recommendations for Further Work 
This research project set out meet the following research objectives: 
 Measure with fine temporal and spatial resolution the turbulence: 
o In locations relevant to MAV flight (different terrains) 
o In the longitudinal and lateral directions 
 Compare the measurements to turbulence theory 
 Produce a set of guidelines for the reproduction of turbulence in either the physical or digital 
domain 
 Assign priorities to turbulence components for the testing of MAVs 
A series of measurements of the atmospheric wind were conducted using a set of 4 Cobra probes. 
These multi hole pressure probes are able to record the fluctuating velocity at sampling rates of up 
to 2.5 kHz and are small in size (2.6 mm measurement head). The 4 probes were mounted across 
spans of between 45 and 450 mm with the majority of measurements taken over a span of 150 mm 
(50 mm inter-probe spacing).  The measurements were recorded at heights of 2 to 4 m above the 
ground in locations in rural open terrain and in built up urban terrain. The measurements in open 
terrain were recorded by mounting the mast to a mast spanning the probes across the oncoming 
wind. 
Recording measurements in urban terrain was more challenging due to the limitations of the Cobra 
probes in that the probes can only resolve the velocity vector from the multiple pressure ports when 
the direction of the instantaneous velocity vector is within a ±45° from the centreline of the probe 
head. In urban terrain the fluctuations of the lateral and vertical velocity components are significant 
and the vector regularly exceeds 45°. This was overcome by mounting the probes approximately 4 m 
above the ground on a vehicle and driving the probes through the turbulence which artificially adds 
a longitudinal velocity component and reduces the pitch and yaw angles. This method of 
measurement was utilised for recording data along 4 different roads in an inner city suburb of 
Melbourne, Australia. While recording these measurements the wind velocity varied over the range 
of 1.5 m/s to 7 m/s in urban terrain and between 1 and 13 m/s , thus covering a significant portion of 
the likely wind velocities that would be expected for MAV flight. 
The first analysis of the results focuses on the larger (for MAV sized aircraft) scale fluctuations in the 
wind that, while still part of the micrometeorological range of turbulence, are of sufficiently low 
frequency that the response of an MAV to such fluctuations can be considered in a quasi-steady 
manner. The results highlighted the variation in both the time-averaged velocity and the turbulence 
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intensity calculated over a much shorter averaging time relevant to an MAV as compared to a 10 
minute (or longer) averaging time. The 10 s averaged mean velocity was shown to vary by a factor of 
±50% from the longer period mean. The turbulence intensity varied significantly more and values of 
3 times the mean were recorded. The impact of the periods of high (or low) velocities is unlikely to 
cause issues in MAV flight, simply requiring increased power, angle of attack, sideslip, etc. in a quasi-
steady manner to maintain the desired flight path. The variation of turbulence intensity is more 
significant as high turbulence intensity indicates a period of time when the fluctuations in the wind 
are greater, and hence more energy over the range in which the response is not quasi-steady. 
The higher frequencies in the data which are of most interest were studied by calculating firstly the 
velocity spectra for each location and secondly the structure functions in both the stream-wise and 
cross-stream directions. The literature review conducted as part of this research indicated that the 
range of turbulence of interest in MAV flight may be wholly (or partly) contained in the inertial sub-
range of turbulence. In this range the turbulence exhibits what is termed local isotropy. Such a 
finding would be extremely convenient as the turbulence statistics are easily replicated by simple 
equations. 
The spectra for each location show that a -5/3 decay of turbulence, which is an indication of the 
existence of the inertial sub-range. This can be seen to occur for both rural and urban terrains over a 
large range of wave-numbers (0.2 to 20 m-1) and from this the following equations can be used to 
describe the turbulence over the range noted and can be calculated after measuring (or assuming) a 
standard deviation of the velocity fluctuations (high pass filtered at 0.1 Hz) and mean velocity (to 
convert from wave-number to frequency). The coefficients for the equations for the different 
terrains are given in  
 
 
Table 7-1 along with the variation in the coefficients in the measurements conducted here. 
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Table 7-1 – Spectral estimate coefficients for open and city terrains 
 Open or City Terrain 
   - Longitudinal                 
   - Lateral                 
   - Vertical                
The existence of the inertial sub-range of turbulence in the data measured was explored further 
using structure functions for which both the stream-wise and cross-stream values can be calculated 
using the simultaneous multipoint measurements that were recorded.  
As with the spectral behaviour in the inertial sub-range, there is also a simple behaviour of the 
structure functions over this range too, the growth rate is proportional to the power of 2/3 over the 
inertial sub-range. These characteristics were found in the measurements recorded over a range of 
separations from 0.05 m up to the maximum plotted (1 m). Turbulence theory also suggests the 
ratios between the lateral and the vertical component with the longitudinal component structure 
functions should be equal to 4/3. The measured ratios between the structure functions at each 
location show that in general the longitudinal component magnitude is lower than the lateral and 
vertical however the ratio is lower than 4/3. 
One final characteristic of the inertial sub-range of turbulence is the ratio between the cross-stream 
and the stream-wise structure functions which again should be 4/3. The comparison of cross-stream 
to stream-wise structure functions is shown in figures 5-49 to 5-54 and results are generally in good 
agreement with this prediction. The comparison of the longitudinal and the vertical components 
shows the best agreement while the lateral component deviates somewhat and in some 
measurements the stream-wise magnitudes are larger than the cross-stream magnitudes. 
Equations describing the structure function behaviour have been created from the data presented 
here. The equations give the structure function magnitude as a function of the separation between 
measurements and are presented for both the stream-wise and cross-stream cases. The equations 
require the input of the standard deviation of the velocity fluctuations (high pass filtered at 0.1 Hz) 
and a constant for which the values are suggested for both open and city terrain. 
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Table 7-2 – Structure function constants for open and city terrains 
 Open Terrain City Terrain 
    - Longitudinal                            
    - Lateral                             
    - Vertical                           
 Open Terrain City Terrain 
    - Longitudinal                             
    - Lateral                            
    - Vertical                           
Overall the measured data fits closely with the turbulence theory for the inertial sub-range. The 
agreement is not perfect and, realistically, is not expected to be due to a number of factors, the 
most significant of which is thought to be the macro scale changes in the wind direction and hence a 
change in fetch. The agreement is of sufficient tolerance for engineering purposes and the equations 
presented which have been modelled on the results of the measurements should provide a useful 
set of targets for those trying to replicate atmospheric turbulence for the testing of MAVs. 
The previous equations provide a set of guidelines for the reproduction of turbulence. The author 
notes however, that it is challenging to correctly replicate turbulence in a wind tunnel in a single axis 
let alone in all three axes and also across the cross-stream direction of the tunnel. As such a brief 
study of the influence of the different velocity components was conducted. The concern for MAVs is 
control about the roll axis as this has been shown to be the most critical area of control for 
maintaining straight and level flight. Therefore the lateral component of turbulence can immediately 
be given a low priority as typical MAVs have a very small vertical profile and are thus the influence of 
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the lateral fluctuations in the turbulence are insignificant (this may well be different for unique cases 
such as ducted fans or other craft with significant vertical profiles which are not considered here). 
The longitudinal and vertical components are more significant in contributing to roll disturbances. 
These are a result of a lift difference across the span of the aircraft where the longitudinal 
component primarily increases (or decreases) the velocity vector which in turn alters the lift and the 
vertical component affects the angle of attack. Using a simple strip theory type model, the time 
varying cross-stream velocity measurements were converted to a time varying lift distribution across 
a span. The results show very clearly that the w component fluctuations as measured create much 
more significant rolling lift distributions than for the u component fluctuations. Thus it is suggested 
that priority be given to getting the w component fluctuations correct over the other components. 
As a result of the measurements and subsequent analysis conducted here, the following suggestions 
are made for areas that would benefit from further work. 
 Measurements of winds very close to wake-producing structures. 
The ultimate goal for MAVs is to be able to loiter close to a building and in some cases move 
from outside a structure to inside it through an open window or door. Therefore an 
investigation of the wind conditions that would be experienced by MAVs when flying very 
close to wake producing structures at low speeds would aid greatly in the design of aircraft 
able to conduct these specialised missions. These conditions are likely to include wind shear 
in the lateral and longitudinal directions. 
 
 Measurements at even smaller scales as relevant to NAV sized aircraft. 
This research focussed on the scales of turbulence relevant to MAVs which typically have a 
wing span of between 0.15 to 0.3 m. As mentioned in the first chapters of this document 
there is also effort towards producing NAVs which can be significantly smaller (0.1 m 
wingspan and smaller). The measurements presented here show that measurements with 
separations below approximately 0.05 m depart from the characteristics of the inertial sub-
range. Little consideration of the very small scales of turbulence has been given here and is 
necessary before typical turbulence statistics for NAVs can be given. 
 
 Investigation of urban flows through the use of CFD. 
While the use of CFD was discounted to explore the research presented here, the use of CFD 
in predicting the wind velocities over a large area (I.e. one or more city block) may be 
possible. This would be useful in determining the mean velocity (which are required inputs 
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to the equations presented in the conclusions of this research) over a typical MAV flight path. 
In time, as computational power increases, it should also be possible to investigate the 
fluctuating velocity too in order to predict the turbulence intensity over large areas as 
described. 
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Appendix A  Consideration of Errors 
The work presented here is derived from measurements made with a set of 4 multi-port pressure 
probes, the Cobra probe from Turbulent Flow Instrumentation. The following section is a discussion 
of the possible sources of error arising from the Cobra probes themselves and the associated 
hardware. Where possible the error is quantified and methods used to limit the impact on this 
research are noted. 
A.1 Cobra Probe Accuracy 
The Cobra probe has an accuracy reported by the manufacturer of ±0.1 m/s in smooth flow and ±0.5 
m/s in turbulent flow at ≈30% turbulence intensity. These values are the quoted absolute accuracy 
for the probes, which while important, is less significant than what may be termed the relative error 
for the probes for the work documented here. The term relative error is used to denote the error in 
the probes without the inclusion of the time averaged error. 
Considering firstly the absolute error of the probes, the mean velocity output from each of the 
probes was routinely verified against a Pitot-static tube coupled to a reference pressure transducer 
in a wind tunnel. Figure A-1 is taken from the thesis of Sridhar Ravi (2011) who was using the probes 
at the same time as this research was being conducted and who performed the probe verifications. 
It shows a typical comparison of the velocities recorded by the Cobra probes plotted against the 
velocity recorded by a Pitot-static tube in the same location of the wind tunnel. Whenever the 
probes exhibited errors larger than those noted above then the probes were returned to the 
manufacturer for recalibration. Recalibration by the end user is not possible. 
 
Figure A-1 – Comparison between Cobra probe and Pitot-static tube measurements (Ravi 2011). 
The probes do require periodic “zeroing” which involves shielding the probe from all flow and 
allowing the transducer voltages to be recorded with a wind speed of 0 m/s. Shielding the probes 
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when recording outdoor measurements proved challenging, however a solution was found by using 
gladwrap or cling film to cover the head of the probe. It is also worth noting that the pressure 
transducers used in the probes are differential transducers on which one side of each of the 
transducers is connected to a common static pressure port. The static pressure ports of each of the 
probes were connected via thin tubing to a common larger volume that was isolated from the 
fluctuations in the atmosphere. 
A worst case scenario of a time average error in the velocity readings of 0.5 m/s causes a 10% error 
for the abscissa for the spectral plots at mean velocity of 5m/s and reduces as the mean velocity 
increases. The stream-wise structure function abscissa is also affected by errors in the mean wind 
velocity. Considering the same 0.5 m/s worst case error at 5 m/s and at a sampling rate of 1250 Hz 
the values will be in error by 0.4 mm. The magnitudes of the structure function values are not 
affected as the mean wind velocity is taken as constant over the sampling time and is therefore 
cancelled out in the calculation. 
The structure functions presented are based on the difference in velocity measurements. As noted 
the mean velocity has no effect on these values however the accuracy of the fluctuations about the 
mean velocity are very important. The error associated with the fluctuating component of the 
velocity is difficult to quantitatively define but an attempt to do so was nonetheless conducted. By 
placing the probes with the same supporting structure (albeit with only a small section of the 
supporting mast) in a smooth flow wind tunnel the structure function of nominally clean flow 
(turbulence intensity of ≈0.75%) was able to be calculated. The results are shown in Figures A-2 and 
Figure A-3. The results from the wind tunnel are plotted in red and the results from Location 1 (for 
which the magnitude of the structure functions were the lowest) are plotted in blue. As can be seen 
the results from the wind tunnel show extremely small magnitudes giving confidence in the 
measurements presented in the results of this research. 
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Figure A-2 – Stream-wise structure function measured in a wind tunnel and at L1 
 
Figure A-3 – Cross-stream structure function measured in a wind tunnel and at L1 
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A.2 Influence of Probe Mounts 
A.2.1 Misalignment of Probes to Mean Wind Direction. 
The 4 probes were mounted across a span at set inter-probe spacings and this array of probes was 
aligned such that the span was perpendicular to the direction of the wind. This was done visually 
using initially and then finetuned by recording short samples of wind data and looking at the mean 
yaw and pitch angles of the flow. Due to the nature of the continually changing atmospheric wind 
the mean wind direction of the probes over a longer sampling period was never exactly zero and this 
was corrected for in post-processing by simply subtracting a mean lateral velocity component (or 
vertical for the pitch angle) from the entire data set as described in section 4.3.1.4. This does 
however result in a small error in the separation of the probes in the direction perpendicular to the 
direction of the wind. Only data sets where the mean wind angle recorded was lower than 10° were 
used in this analysis and as such the maximum error from the misalignment of the probes is 
approximately 1.5%. 
 
Figure A-4 – Percentage difference for cross-stream separation of probes versus mean wind angle 
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A.2.2 Effects of Closely Spacing Probes. 
The initial cross-stream measurements conducted at location 1 with an inter-probe spacing of 15 
mm were conducted with the probes set up as shown in Figure A-5. This layout resulted in no gaps 
between the probes and there was some concern that this would create a wake that would alter the 
flow at the measurement head of the probe resulting in errors in the measurements. 
 
Figure A-5 – Probes spaced at 15 mm inter-probe spacing with significant blockage caused by probe bodies. 
The setup was recreated in a smooth flow (          ) wind tunnel and the probes were rotated 
through a range of known pitch and yaw angles and the yaw and pitch readings from the probes 
were recorded. The results showed no significant difference between the yaw measurements of the 
probes however the pitch angles recorded by the probes when angled to simulate a positive pitch 
angle showed a significant difference when compared to the angle of the probe orientation to the 
undisturbed flow in the wind tunnel. The resulting calibration surface for one of the probes is shown 
in Figure A-6 and shows that the probes over estimates, by more than 2%, the pitch angle at angles 
above 15 degrees and by as much as 10% at very high pitch angles. 
A histogram of the occurrence of pitch and yaw angle combinations is given in Figure A-7 for all 
measurements recorded with the 14 mm spacing at location 1.  The histogram shows that there are 
very few recordings of pitch angles of above 20 degrees so the impact of this effect is limited. To 
correct those measurements that were of pitch angles above 20 degrees and hence subject to some 
error due to the blockage effect of the probe bodies the calibration surface as presented in Figure 
A-6 was applied in a steady state manner.  
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Figure A-6 – Pitch angle calibration surface for a Cobra probe when mounted as in Figure A-5. Magnitude the magnitude 
of the pitch overestimation by the probes when in this mounting configuration. Green line indicates 45 degree cone of 
acceptance. 
 
Figure A-7 – Occurrences of yaw and pitch angle combination at L1 for data measured with 14 mm inter-probe spacing 
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